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ABSTRACT
Many new complexes of chromium(II) and vanadium(II) with thiocyanate 
and heterocyclic ligands have been prepared under anaerobic conditions. 
The structures of the compounds have been investigated by spectroscopic, 
magnetic susceptibility and X-ray powder methods.
Some complexes of chromium(II) with the macrocyclic tetradentate 
amine 1,4,8,11-tetrazacyclotetradecane (cyclam) have been prepared before 
but only the iodide, Cr(cyclam)I2, was investigated in any detail. A 
series of such complexes Cr (cyclam) X2 (X = C£ , Br~, |S042” and NCS ) has 
been investigated further. The chloride and bromide are weakly anti­
ferromagnetic while the thiocyanate appears to be low-spin, although the 
compound was not obtained pure. The sulphate group is ionic and as the 
complex is a monohydrate it may be five coordinate. The reflectance 
spectra of the complexes do not show the usual anion-dependence of 
tetragonal six-coordinate chromium(II) complexes and five and six 
coordinate structures are possible. Attempts to obtain similar 
vanadium(II) complexes were unsuccessful.
Another new class of complexes obtained comprises the thiocyanato- 
chromate(II) salts of organic cations: (Cat)2 [Cr(CNS)i*] in which Cat = 
pyH, Me4N, hexH (protonated hexamine), Et4N, Pr^N and Bu4N; and 
(Cat) [CrtCNS)^ ] where Cat = double charged trans [l4]dienium and ethylene- 
diammonium ions. Most of the complexes have polymeric tetragonal 
structures with bridging and terminal thiocyanate groups, as judged from 
their magnetic behaviour, and infrared investigations of the thiocyanate 
bonding. All except the ethanol adducts of the Et^N and Pr^N compounds, 
one form of the Bu^N compound, and Cr (SCN) 2 • 2 (hexH* SCN), are anti­
ferromagnetic. The last compound is the only one previously known and it 
was formulated as written. It is now believed to contain coordinated
hexaminium and N-bonded thiocyanate ions in the solid and has been 
assigned the formula Cr(hexH)2(NCS)i*.
Amine thiocyanato-complexes of chromium (I I): CrL2(CNS)2, (L = 
pyridine, 2-methylpyridine, 3-methylpyridine, 4-methylpyridine and 
thiourea), and Cr(LL)2(NCS)2, (LL = 1,10-phenanthroline and 2,2'- 
bipyridyl) have also been isolated for the first time. The complexes 
with the pyridines and thiourea are all anti ferromagnetic and have 
thiocyanate bridged polymeric structures. The complexes Cr(py)2(CNS)2 
and Cu(py)2(CNS)2 have similar X-ray powder patterns. The phenanthroline 
and bipyridyl complexes are low-spin and have a cis-octahedral structure.
The first thiocyanate complexes of vanadium(II) have also been 
prepared. These are the thiocyanatovanadate(II) salts: (Cat)4 [V(NCS)6] , 
(Cat = pyH, Me^N, Et4N, Bu4N and hexH), and the amine thiocyanato- 
complexes VLtf(NCS)2 (L = pyridine, 3-methylpyridine, 4-methylpyridine and 
4-cyanopyridine) and V (LL) 2 (NCS) 2 (LL = 1,10-phenanthroline and 2,2’- 
bipyridyl). The thiocyanatovanadates have regular octahedral structures 
with N-bonded thiocyanate groups while the amine thiocyanates, VL4 (NCS) 2, 
have four equatorial amine molecules and two axial N-bonded thiocyanate 
groups. These complexes have been found to be isomorphous with the 
corresponding nickel (II) conplexes. The phenanthroline and bipyridyl 
complexes have cis-octahedral structures like the chromium(II) complexes.
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CHAPTER 1
INTRODUCTION
Although the chemistry of divalent metal ions of the first 
transition series is well documented, the bulk of information available 
so far is on ions of the later members of the series, manganese to 
copper. The reason for the neglect of the earlier members is that 
their lower oxidation states are very easily oxidised to higher 
states. This made any work on them rather difficult, since elaborate 
measures had to be taken to avoid oxidation. During the last decade or 
so, however, with the development of techniques for working in anaerobic 
conditions, more attention has been focussed on the so-called air- 
sensitive compounds.
(a) Chromium (I I) Chemistry
2
The aqueous Cr ion has been known for a long time but only as a 
useful reducing agent It still finds widespread use in the study1^  
of the mechanism of reduction of other ions, and in synthetic organic 
chemistry ^ .
2The strong reducing property of Cr is due to its low half-cell
. C4)potential 7:
Cr3+(aq) + e = Cr2+(aq) , E° = -0.41 V
which makes it one of the strongest reducing agents in aqueous solution. 
Indeed for a while it was thought impossible to obtain chromium(II) salts 
from aqueous solution by reaction of the metal with acid. Hydrogen ions 
were thought to cause oxidation^ . Hunt and Earley^ have since shown 
that in the absence of catalysing impurities, oxidation by hydrogen ions 
is very slow, so that chromium(II) salts can be, and have been^*^ 
obtained by this method.
In addition to the above, various other methods have been used for
obtaining chromium(II) solutions. These include the reduction of
f9Vchromium(III) solutions electrolytically^ , or with zinc and mineral
acid^^, and by dissolving chromium (I I) acetate in mineral acid(^).
f8)
Very pure chromium(II) salts can be obtained ; by heating spectro­
scopically pure chromium with AnalaR acids and that method was used 
in this work.
Surveys of chromium(II) compounds have been carried out by Patel
Trigg^^ , Khamar^^, Nelson-Richardson^^ and Yavari^^. More
recently a chromium(II)-molybdenum(II) binuclear complex CrMo(0Ac)4 
Q71
has been reportedv J. Other complexes recently reported are of the 
types [Cr(tdpep)X] (BPhiJ, Cr(pdma)2X2^^; Cr(pz)ltX2, Cr(iz)ttX2, 
Cr(pz)2X2^ ^  (X = C&, Br or I), and various ammines^^ .
(21)
Sperati has reported a series of chromium(II) complexes 
containing the macrocyclic ligands 5,5,7,12,12,14-hexamethyl-l,4,8,ll- 
tetraazacyclotetradeca-1,7-diene and 5,5,7,12,12,14-hexamethyl-l,4,8,11- 
tetraazacyclotetradecane. These ligands were first obtained by 
Curtis The salts of the ligands have been f o u n d t o  give
complexes by the replacement of the protons with divalent metal ions. A
full account of Sperati’s work involving chromium(II) has not yet been 
published.
(13)
Trigg has prepared some chromium(II) complexes with the
macrocyclic ligand 1,4,8,11-tetraazacyclotetradecane (cyclam). However, 
investigations of the compounds were incomplete because only small 
amounts of ligand were available.
Very few thiocyanato-complexes of chromium(II) have been reported
in spite of the great similarities between the thiocyanate ion and the
(24) (25)halides. The earliest reports were by Sand and Burger J and Koppel
The former suggested that the species (NH^ [Cr^ NS)!*] was present in
solution, while Koppel isolated a sodium thiocyanatochromate(II) complex.
(26) r -i
Asmussen formulated the complex as Na3 |Cr(CNS) 5J *11H20, and recorded 
a magnetic moment of 4.77 BM at 291°K. Recently, Yavari re­
investigated this complex, found that it obeyed the Curie-Weiss law and 
contained N-bonded thiocyanate, but could not establish the degree of 
hydration exactly. He was not able to isolate salts of other alkali 
metal cations. The only other known thiocyanato-complex of chromium(II)
appears to be the compound Cr (SCN) 2 • 2 (hex. HSCN) (hex = hexamine),
(27)
obtained by Barbieri and Tettamanzi , but not investigated further.
The earlier failures to isolate chromium(II) thiocyanates from
solution led to studies in molten salt systems. These were unsuccessful 
f28'l
at first , but more recently some spectroscopic study has been carried 
out(29) on the species [Cr(NCS)6]4 believed to be formed when an excess 
of chromium metal is heated in molten KSCN at 180-220°C, but no solid 
complexes were isolated. No simple thiocyanate salt of chromium(II) has 
been isolated. However, the apparent stability of the thiocyanato- 
complex salt of a large organic cation like the one reported by Barbieri 
and Tettamanzi suggests that the chemistry of such systems could be quite 
extensive.
(b) Vanadium(II) Chemistry
The chemistry of vanadium(II) is even less well documented than that 
of chromium(II). Again the high susceptibility of the V ion to 
oxidation is to blame. The half-cell reaction is
v 3+faq) + e = v2+(aq) , E° = - 0.25 V
and like chromium (I I) the vanadium(II) ion has been used for reduction 
of other systems. Aqueous vanadium(II) solutions have been obtained by
electrolytic reduction of vanadyl halide solutions at a mercury cathode,
with either a carbon or platinum^) anode. The latter was found 
satisfactory and used for preparing the vanadium(II) bromide solutions 
used in this work.
Q4*)
Khamar has carried out a survey of vanadium(II) compounds reported 
up to 1972. Various additions have since been made to the rather short 
list of compounds. These include a series of halide complexes with 
aliphatic and heterocyclic amines ^ ,33) of the types V(amine)i+X2 (where 
amine = py, 3- and Y- pic; X = C£, Br or I) and V(amine)2Br2(in which
amine = $- and y- pic). Also reported are a series of imidazole and
(34) (351
pyrazole complexes , and attempts have been made^ J to obtain ammines.
No thiocyanates have been reported.
(c) Aim of Work
The original aim of the work was to isolate complexes of chromium(II) 
and vanadium(II) with Curtis ligands and other macrocycles. Initial 
attempts to crystalline such complexes failed, but when thiocyanate was 
used in these attenpts, anionic thiocyanato-complexes were obtained. In 
view of this and the general lack of knowledge of thiocyanato-complexes, 
and the incompletely published work on the cliromium(II) macrocycles, the 
main aim became to prepare and investigate thiocyanato-complexes of 
these bivalent metal ions generally. The remainder of the Introduction 
is therefore devoted to a brief account of the thiocyanate ion, and 
certain aspects of the magnetochemistry and spectroscopy of chromium(II) 
and vanadium(II).
(d) The Thiocyanate Ion
Because of the striking similarities between the thiocyanate ion,
SCN and the halides, it has for long been referred to as a
f 2£*\
pseudohalide . Surprisingly however, in the study of the divalent 
ions of chromium and vanadium, not much progress has been made with work 
involving it. The structure of the ion makes it a very interesting 
subject for investigation, particularly in the field of coordination 
chemistry.
The following structural data have been reported for KSCN and 
NH4SCN and these are compared with expected bond lengths calculated by 
Pauling
r(S-C)(X) r(C-N) X Ref.
KSCN 1.69 1.15 (38)
NHt+SCN 1.63 1.15 (39)
Pauling;: r(S-C) 1.81 r(C e= N) 1.16 )
) (37)
r(S=C) 1.61 r(C == N) 1.29 )
Charge distribution^^: S, 0.48; C, 0.01; N, 0.51
These data, together with X-ray diffraction studies^-0, suggest 
the existence of the following tautomeric structures:
"S - C e  N S = C = N- +S e  C - N2'
I II III
with structure I contributing 70% to the hybrid. The relative 
contributions depend very much on the chemical environment of the ion 
and as a result the thiocyanate ion may coordinate through the nitrogen 
(M-NCS) or sulphur (M-SCN) atom, or both (M-SCN-M), in the last case 
forming a bridge between the two metal ions. The symbolism (NCS) for 
N-bonded, (SCN) for S-bonded and (CNS) for bridging or unspecified bonding
It is its ambidentate bonding capabilities rather than its similarity 
to the halides that has held the attention of coordination chemists lately. 
Several reviews have dealt with the subject and these have been 
up-dated and summarised by Burmeister^*^ .
Various factors are believed to determine the bonding mode of the 
thiocyanate ion. These include:
(a) the nature of the metal coordination centre;
(b) the nature of other ligands in the coordination sphere;
(c) the chemical environment created by the solvent and counterions.
While these factors have been discussed at length in one or other of 
the many reviews, few definite conclusions have been reached that might 
make the thiocyanate bonding mode entirely predictable. Thus much effort 
is directed at the techniques which may be used to establish the nature 
of bonding. Methods generally used include:
(a) Infrared spectroscopy
(b) X-ray diffraction studies
f45')
(c) Raman spectroscopyv J
(d) Electronic spectroscopy
(e) li}N NMR and NQR spectroscopy
The use of the last three techniques (c, d and e) is as yet rather 
limited. Diffraction studies provide the most unambiguous results but 
can be very laborious. The most convenient method is infrared 
spectroscopy in which use is made of the changes in the frequencies of 
various vibrations of the ion with different types of bonding.
(e) - Magnetochemistry
(i) Chromium (I I) Compounds
2+ 5
The Cr ion is a d h system giving rise to a D free ion term. In
a weah octahedral ligand field, where the metal ion remains high-spin
S 5(t^  e1), this is split to give a lower E and an upper T term. In
S'S s s
strong octahedral fields spin-pairing occurs (t1* ), and the ground term
§
3is T . A study of the magnetic behaviour of chromium(II) compounds is 
 ^§
therefore inherently interesting.
In high-spin chromium(II) complexes a spin-only temperature- 
independent magnetic moment of 4.90 BM is expected and because the ground 
term is no first-order orbital contribution should be present.
However, some small departures from the spin-only moment are quite often 
observed. This is mainly due to the fact that orbital angular momentum 
is not completely quenched by the ligand field. Some orbital contribution 
from the higher T term is mixed into the E term and causes deviation from 
the spin-only moment thus :
ye = ys.o 0 - '  aA//A) (1#1)
where
y^ = effective magnetic moment
y = spin-only magnetic moment
3 • O
X = spin-orbit coupling constant which is positive for d
shells less than half filled and negative for shells 
more than half-filled.
A = energy difference between the ground term and the higher 
term being 'mixed-in' 
a = 2 for an E and 4 for an A ground term
A small increase in the spin-only moment may be caused by distortion 
of the ground term in a magnetic field. This second-order Zeeman effect
(or temperature-independent paramagnetism) is usually of the order of
-6 (48)
100 x 10 e.g.s. units and is usually represented by a factor Na
added to the right hand side of equation (1.1).
Complexes in which the ground term is T are expected to have
magnetic moments quite in excess of the spin-only value because there is
appreciable first order orbital contribution. Thus for the t£
2 +
configuration of Cr , for example, the effective magnetic moment is 
higher than the spin-only value of 2.83 BM. Kotani^^ has worked out an 
expression by which the effective magnetic moment could be calculated.
For the tjj configuration the equation takes the form
144 exp(3x/2) + (ex - 54) exp(x) + 15x - 90 n
Bp r -*
2x [exp(3x/2) + 3 exp(x) + 5J
where x = A/kT, A is the free-ion spin-orbit coupling constant, k is
Boltzmann’s constant, and T is the absolute temperature. Taking 
—  1 2 +
A = 230 cm for Cr , theoretical variations of both magnetic moments 
and magnetic susceptibilities can be calculated. The magnetic moment 
goes through a broad maximum between room temperature and about 80°K. 
Below this temperature it falls rapidly to zero at 0°K.
C o m p a r i s o n s 0f theoretical and experimental results for 
chromium(II) complexes have shown that although experimental magnetic 
moments generally lie in the range 2.70-3.40 BM, they are usually rather 
lower than predicted by Kotani’s equation. Besides, experimental moments 
are usually either constant or decrease slightly as temperature is 
reduced, with no maximum as expected. Cooke and Duffus^^ used a value 
of A less than 100 cm 1 to obtain a reasonable fit between theoretical 
and experimental curves for K3[Mn(CN)6]. However, the use of such a low
value for the spin-orbit coupling constant could not be justified as
(52)
Figgis and co-workers have shown that reductions in the magnitude of
the free-ion spin-orbit coupling constant on complexing are rather small.
(53)They suggest instead ' that lower moments are due in part to some
quenching of orbital momentum as a result of delocalisation of t
electrons in the presence of suitable ligands. A further reduction in
moment is caused by distortions from perfectly octahedral symmetry.
These can be steric or Jahn-Teller in origin, and have the effect of
3
lifting the degeneracy of the T level still further. The separations 
between the resulting singlet and doublet states are of the order of a 
few hundred cm 1 and are difficult to detect spectroscopically. However, 
magnetic properties are more sensitive to such small variations in ground 
state energies.
Most chromium(II) compounds reported have a six-coordinated chromium
ion in a distorted octahedral configuration. Thus several complexes in
which the stoichiometry is less than 6:1, and the coordination number
apparently less than six, have been found to have dimeric or polymeric
structures. These compounds have temperature - dependent magnetic moments
departing markedly from expected values for a t 3 e1 configuration which
 ^§ §
arise from interaction between the various magnetic centres through 
’exchange’ phenomena. Interaction may take place directly between two 
paramagnetic metal ions sufficiently close together, leading to spin- 
pairing and the formation of a weak covalent bond between the metal ions.
The best known examples of this are the binuclear carboxylates which are
in fact almost diamagnetic (e.g. Cr(HC02)2^ ^ ,  Cr(C6H5C02) 2 ,
(56) (57)
Cr(0Ac)2H20 , and the carbonato-complexes ). Interaction can also
take place through intervening atoms by a process known as ' super-exchange ’.
Here the interaction is transmitted through the orbitals of the bridging
atom or atoms, and a suitable overlap is required between the orbitals of
the bridging and bridged atoms. Various complexes of the types
/'ro rq'i
Cr(L)2X2 9 (where L is a monodentate ligand and X a halide),
M[CrX3] and M2 [CrXi*] (where M = NH , Rb or Cs), have been shown
to have such interaction taking place through halide bridges.
Interaction between magnetic centres may be described by the 
expression:
AE = 2JS i Sk
where J is the exchange coupling constant and and are spin vectors 
on the interacting centres. J is positive for a ground state in which 
interaction leads to parallel alignment of spins and gives rise to 
ferromagnetism. For antiparallel alignment, J is negative and anti­
ferromagnetism occurs. Although the latter is more common, several 
chromium(II) compounds have been shown to exhibit the less common 
ferromagnetic interaction. Magnetic susceptibilities of these compounds 
are much larger than expected for normal paramagnetic materials and are 
temperature-dependent.
Antiferromagnetic substances have lower than normal moments and 
susceptibilities, which are temperature-dependent. The magnitude of the 
interaction depends on the value of J. Large negative values indicate 
strong antiferromagnetic interaction leading to diamagnetism when J is of 
the order of -400 cm 1 . For the Cr2+ ion (d4), use of the Van Vleck
(f\ 9^
equation leads to the following expression for the magnetic 
susceptibility of a dimeric compound of spin state S = 2:
3K 30 + +
COXr—
1 5xltf + x18
T ■9 + 7x8 + 5xllt + 3x18 + x20-
+ Not (1.3)
where x = eJ^kT and K = Ng2g2/3k = 0.1251 g2.
g = the spectroscopic splitting factor; ratio of magnetic moment
to angular momentum (-2.0)
J = exchange coupling constant
T = absolute temperature
N = Avogadro’s number = 6.023 x 10 23 mole 1
3 = Bohr magneton = 0.9270 x 10 20 erg gauss-1
k = Boltzmann's constant = 0.6950 cm-1 degree-1
Na = a term which represents the temperature-independent
paramagnetism and underlying diamagnetism of the metal 
atom. If it is small compared to y^ it can be neglected in 
calculations.
The use of the equation for 'fitting' experimental results with 
theoretical susceptibilities has been illustrated by various workers * '
A value of J is guessed and using a suitable value of y^ and T, the value 
of K is calculated. The splitting factor g is then calculated and for a 
reasonable value of J should be close to 2.0. If this is so then the 
value of J and the corresponding value of K are used to calculate 
susceptibilities at different temperatures.
Eamshaw and co-workers have extended the above treatment to 
compounds in which identical ions are in a linear chain of up to ten 
members. Results obtained for these systems did not vary very much from 
those of binuclear systems provided the appropriate values of J were 
used. More recently, Smith and Friedberg^^ have given an expression 
for infinitely long chains:
N 232S(S +1) 1 + u(K)
x« =   x  (1.4)
3kT 1 - u(K)
where u(K) = coth K - (1/K) and K = 2JS(S + l)/kT and the symbols have 
the same meanings as above. The procedure for 'fitting' experimental
results to this expression is the same as that already referred t o ^ * ^
(ii) Vanadium(II) Compounds
The V2+ (d3) ion has a 4F ground term. In an octahedral field this
is split into a ground singlet term and upper triplets and .
^g ^g * &
2 *1* f
Like the E term of the Cr ion the A term of the V* ion does not lead to
orbital contribution. The spin-only magnetic moment is 3.87 BM. However,
because of 'mixing in’ of the ^T term the effective magnetic moment
 ^g
deviates somewhat from the spin-only value. The deviation is described by 
equation (1.1) with the factor a taking a value of 4 (for the A ground 
term).
Like chromium(II), vanadium (I I) compounds are predominantly of an
octahedral configuration. Thus polymeric structures result when 4 : 1
complexes for exanple are formed. Seifert and Auel^^ have shown by .
X-ray studies that has a tetragonal structure with bridging
chlorides. This compound and the corresponding bromide VBr2*2H20 
(32)
show antiferromagnetic behaviour. A number of chloro-complexes of 
the types MVC&3^  ^  are also antiferromagnetic.
(f) Electronic Spectroscopy
The free-ion term arising from the high-spin d1* system of 
chromium(II) is split in a regular octahedral field into a doublet **E
o
5
term and an upper triplet T (Fig* 1*1). Thus, in such a field, only
o
one spin-allowed d-d transition, corresponding to E^ T^ , is expected
g  ^g
in the visible spectrum of chromium(II) complexes. However, the high-spin 
d4 system, like low-spin d7 and d9, is Jahn-Teller unstable^"^ so that 
the E and T terms are split further as shown in the diagram. Thus 
chromium(II) complexes are usually distorted from perfect octahedral
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wsymmetry even when six identical ligands are coordinated.
Aqueous chromium(II) spectra usually exhibit a broad asymmetric band
in the visible region. This has been attributed to tetragonal distortion
of the octahedral [Cr(H20)6] 2 + ion brought about by the Jahn-Teller
effect. Under tetragonal distortion, three bands are expected from the
5 5chromium(IT) spectrum, corresponding to the transitions B 1 -* A 1 ,
§ g
+ **B and B^ -»• **E . The separation of the **E and **B terms has
ig 2g ig g g 2g
been found by theoretical calculations to be of the order of 2000 cm ,
5 5 i (72-75)
while B and A are separated by 6500 cm 1 respectively and,
O o (12)
in reasonable agreement, Patel observed frequencies of between 8000
and 10000 cm 1 for various double sulphate hexahydrates which were
5 5 5 5attributed to B A . Because the separation between E and B
g g g g
5 5is small, the bands due to the two transitions B B and
!g 2g
B^ ^Eg are nearly always unresolved. The broad band observed in the 
visible region is believed to contain both of them. The tetragonal 
structure for the high-spin d1* system has been confirmed by 
crystallographic studies in several cases .
In addition to the F^ ground term for the V2+ ion, there is an upper 
P term of the same multiplicity. The splittings caused by cubic and
tetragonal fields are shown in Fig. 1.2. The ground term is split into
4 4 4 u .a singlet A ^  and two triplets T^  and T . The upper P term is not
split but is transformed into a triplet . Three d-d transitions are
therefore allowed, corresponding to the following:
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The aquo-ion [V(H20)6]2+ has strong bands in the regions 12000, 18000 
and 28000 cm 1 and these have been assigned^ ^  to Vi, v2 and v3 
respectively.
In a tetragonal field, arising in this case from non-identical 
ligands, the triplet terms are split further as illustrated in the 
diagram. The T (P) term is also split (not shown in the diagram) into
a doublet E (P) and a singlet A (P). Thus six bands in all would be
O g^
expected. In practice these are rarely observed since the separation 
between the split levels is too small to be resolved.
CHAPTER 2
GENERAL EXPERIMENTAL TECHNIQUES
(a) Apparatus
An all-glass apparatus designed for the handling of air-sensitive
f  8  2  ^
compounds was first described by Larkworthy . More recently, modified 
versions of the original apparatus, with various ancilliary pieces have
n  /'•I f
been described by Patel and Yavari . Relevant parts are illustrated 
and described here.
Vessels used in this work were first attached to the nitrogen line 
(Fig. 2.1) at (A), and evacuated and flushed with nitrogen at least three 
times. Solvents were deoxygenated in the bubbler (C) which also acted as 
a solvent trap when the final products were dried by pumping, The 
deoxygenated solvents could be transferred from (C) to a reaction vessel 
attached at (A) by the appropriate manipulation of vacuum in various parts 
of the apparatus, using the taps provided.
Traces of oxygen were removed from the nitrogen by passage through 
a column of B.T.S. deoxygenation catalyst, type R3/11. This catalyst, 
supplied by B.A.S.F. Co. Ltd., is a mixture of finely divided copper 
oxide and various activating reagents, deposited on an inert carrier.
The material is supplied in an oxidised form which is a green solid. It 
is activated by heating at 140-160°C in a slow stream of hydrogen for 
about two hours. The reduced, activated form is black.
(b) Reagents and Solvents
All reagents used were of AnalaR or similar grade and were not 
purified further. Spectrochemically pure chromium pellets, supplied by 
Johnson Mathey and Co. were used for the preparation of chromium (I I) 
halides and sulphate.
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Water was used for most of the reactions, but where other solvents 
such as ethanol and acetone were required, AnalaR grades were used. All 
solvents were deoxygenated before use by bubbling nitrogen through them 
for 20-30 minutes.
(c) Chromium(II) halides and sulphate
Hydrated chromium (I I) salts were prepared under nitrogen from 
chromium metal and appropriate dilute AnalaR acids as reported ^  in 
the literature. The solids were filtered off using the apparatus shown 
(Fig. 2.2). After washing and drying, the solid was shaken into pre­
weighed tubes attached to a ’pig’ and sealed off. By weighing the tubes 
with the solid, the weight of compound in each tube could be obtained. 
These weighed samples of hydrated chromium(II) halides and sulphate were 
used for further synthetic work.
(d) Vanadium(II) bromide hexahydrate
Hydrated vanadium(II) bromide was obtained by electrolytic
r3i 32")
reduction ^ 5 J of a solution of vanadyl bromide acidified with dilute
hydrobromic acid. The apparatus (Fig. 2.3) has been described in detail 
by Khamar^^ . During electrolysis, the acid in the anode compartment 
got saturated with bromine and caused a slowing down of the reaction 
rate. To prevent this, nitrogen was bubbled through the compartment 
continuously and the acid was replaced by a fresh portion at one hour 
intervals. Reduction was complete after about eight hours, following a 
colour change from blue, through green to purple. The solution was 
transferred into a flask and evaporated to near dryness. The slurry was 
then filtered and washed with ethyl acetate. After drying, the solid 
was sealed off in tubes as described in (c).
Fig. 2.3
Electrochemical Cell for Preparation 
of Vanadium(II) Bromide
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(e) Recrystallisation
A special apparatus (Fig. 2.4) was used for recrystallisation of 
compounds from warm solutions. Condensers built around the necks of the 
flask prevent heat from reaching the greased taps. The solid was placed 
on a sintered glass plate and extracted with solvent from the bulb of 
the flask.
(f) Analytical Methods
The percentage of chromium in the compounds was determined by direct 
combustion to Cr203. A tube containing the compound was notched and 
weighed. It was then broken, the compound transferred to a porcelain 
crucible, and the tube plus any chips reweighed. The compound was treated 
with a few drops each of concentrated nitric and sulphuric acids, carefully 
heated to dryness on a bunsen flame, and then ignited at 800°C for 
several hours.
Vanadium was deteraiined in a similar way, as well as by Atomic 
Absorption Spectrophotometry. The latter method was more convenient when 
several determinations had to be made. Known weights of the compounds 
were digested in concentrated nitric and sulphuric acids and made into 
dilute solutions. Vanadium was then determined using a Perkin Elmer 
P.E. 306 Atomic Absorption Spectrophotometer with an air-acetylene 
(reducing) flame. The instrument was calibrated with standard vanadium 
solution supplied by B.D.H. Ltd.
Carbon, hydrogen and nitrogen analyses were done by the University 
of Surrey Microanalytical Laboratory.
Fig. 2.4 
Reciystallisation Apparatus
a To main apparatus
Sintered glass
Cold water
(g) Infra-red Spectroscopy
Nujol mulls of the compounds were prepared in plastic glove bags 
flushed with nitrogen. The spectra were then recorded on a Perkin 
Elmer 577 spectrophotometer over the range 4000-200 cm 1 , KBr discs were 
used for spectra down to 600 cm 1, and polythene discs in the 
600-200 cm 1 region.
(h) Ultra-violet and Visible Spectra (Reflectance)
The UV and visible spectra were recorded over the range 
35000-5000 cm 1 using a Uhicam SP 700C spectrophotometer with a reflectance 
attachment. The reflectance cell used was a 2 mm silica solution cell 
fitted with a joint to permit the transfer of sample into it under 
anaerobic conditions. The apparatus used is shown in Fig. 2.5; it was 
also used for filling sample tubes for magnetic and X-ray studies.
Spectra were recorded at room temperature, and at liquid nitrogen 
temperature. For the latter, the sample and reference were cooled by 
placing a copper vessel containing liquid nitrogen in contact with them 
and leaving it for about thirty minutes. Care was taken to prevent 
extraneous light from reaching the cell compartment by covering it with 
a black cloth. Also, when spectra were being run at low temperatures, 
misting of the windows was prevented by blowing cold dry nitrogen onto 
them.
(i) Magnetic Susceptibility Measurements
Magnetic susceptibility studies were carried out, using a variable 
temperature Gouy Balance supplied by Newport Instruments Ltd., at 
temperatures ranging from room temperature down to liquid nitrogen
Fig. 2.5
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X-ray Capillary, and Reflectance Cell
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temperature. Part of the analytical balance and the accompanying 
cryostat are shown in Fig. 2.6. Temperature measurement was by means of 
a thermocouple positioned near the centre of the sample tube. Field 
strength (H) was controlled by varying the current supply to the 
electromagnet using a highly accurate ammeter, which also made precise 
reproduction of a particular field possible.
Samples were prepared using the apparatus (Fig. 2.5) mentioned 
earlier. The solid was packed tightly into a flat-based Pyrex glass 
tube of uniform bore. The tube itself had previously been calibrated 
for its diamagnetism at various field strengths throughout the whole 
temperature range. The tube was weighed empty and when filled with 
conpound and the weight (W) of compound obtained by difference. After 
gently tapping the tube on a hard surface to ensure tight packing, the 
length (£) of the sample inside the tube was measured. The tube was 
then suspended from the exact length of string to set the bottom of the 
sample in the centre of the magnetic field.
To minimise errors due to the susceptibility of the atmosphere in 
the magnetic field, the chamber containing the specimen was first 
evacuated and flushed with nitrogen several times. The very low 
susceptibility of nitrogen (- -0.0004 x lCf6 e.g.s.) could be neglected in 
calculations. A further advantage was that at very low temperatures 
(~90°K) atmospheric oxygen could not condense on the specimen and cause 
errors in measurement.
The sample was suspended from one arm of the balance carefully down 
into the cryostat between the poles of the magnet. With the help of the 
movable platform the sample could be moved to the centre of the chamber 
so that it did not touch the walls at any time during measurements. The 
change in weight (w) of the sample, corrected for the diamagnetism of
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the tube, was determined at various field strengths. The quantity w/H2 
was calculated for different fields and with uniform packing and a 
sample free from ferromagnetic impurities, the value was essentially 
constant. The pull (w) on the sample was then determined at different 
temperatures, down to liquid nitrogen temperature.
The molar susceptibility (xm) was calculated from the expression:
2glM w
where
g = acceleration due to gravity
I  = length of sample
M = molecular weight
W = weight of sample
H = field strength
w = the pull on the sample on application of field (H)
The atomic susceptibility (xA) of the metal was obtained by
correcting xm for the diamagnetism of ligands and groups present as
(83)
outlined by Eamshaw . The effective magnetic moment (y ) was 
calculated from the relationship
Ue = 2.828 (xaT)^  B.M.
where
T = temperature in degrees Kelvin 
B.M. = the Bohr magneton
(j) X-ray Powder Photography
Samples for X-ray powder photography were prepared using the 
apparatus shown in Fig. 2.5. A narrow, thin-walled capillary (-0.5 mm 
diameter) previously drawn out at the end of a glass tube was filled with 
the powdered compound to a depth of about 1 cm. Still under vacuum, the 
tube was broken at the point shown, under a drop of ’Araldite’ or other 
suitable glue. The sample capillary is instantly sealed off by the glue.
The capillary was mounted in the centre of a Philips Debye-Scherrer 
camera, type P.W. 1026, of diameter 114.6 mm. After loading with a 
suitable film, the camera was placed in a Philips X-ray generator. The
Ni filter) for about two hours. The film was then developed and the 
spacings between symmetrical pairs of arcs measured using a special 
direct-reading vernier.
Fig. 2.7(a) shows the relationship between the Bragg angle 6 and 
the dimensions of the camera and hence the film strip. The cone which 
would be formed by extrapolation of symmetrical arcs on the film subtends 
an angle of 40 at the centre of the camera. This is related to the arc 
length (S) and the radius (R) of the camera, thus:
Since 180/tt is the conversion factor (57.3) from radians to degrees, 
if the radius (R) is chosen to be a factor of 57.3, the arc length (S) 
may be conveniently made a simple factor of 6. Thus for a camera of
sample was then irradiated with CuK radiation (A = 1.5418 X; with aa
40 = S/R radians
or
0 1807T (2.1)
(a) Relation of 0 to camera (and film) dimensions
X-ray beam
0 = 180°
180 mm
(b) Measurement of 0 from X-ray film
diameter 114.6 mm, R = 57.3 ( = 180/tt) and eqn. (2.1) becomes
6 = — degrees (2.2)
The procedure for measuring S is illustrated in Fig. 2.7(b). The 
film strip was placed parallel to the scale of the vernier. For each 
symmetrical pair of arcs a reading Xi was taken for the left arc and
another x2 for the right arc. The difference (xi - x2) gave the arc
length (S). Readings were checked for consistency; the sum (xi + x2) for
all pairs of arcs agreed to within ±0.1 mm.
Bragg angles (0) were calculated using eqn. (2.2) and these are 
related to the interplanar spacings (d) by the Bragg equation:
nA = 2d sin 0 (2.3)
d values were however obtained from available data charts .
0 and d values for representative compounds of each class of compound 
prepared in this work have been compared with those of other metal 
complexes of similar composition.
CHAPTER 3
INVESTIGATIONS OF COMPLEXES WITH 
MACROCYCLIC LIGANDS
w* /
I. Introduction
The study of metal complexes of macrocyclic ligands has received
increasing attention in recent years. The main interest has been the
(8587)
use of a metal ion as a template , holding the condensing ligands 
in the right orientation for condensation reactions leading to 
cyclisation. The macrocyclic ligands thus obtained have been used to 
prepare metal complexes which are very stable to hydrolysis or substi-
ro 7_ q o T
tution and thus useful in the study of further reactions. In this
respect they are different from, and have a distinct advantage over, most
('91-93')metal-amine complexes . The ligands are very similar to the
(92)porphyrins and phthalocyanins although they also differ from these in 
(94)
being more basic and lacking a conjugated system of double bonds. 
Various reviews on the preparative chemistry, stereochemistry and 
reactivity of macrocyclic ligands and their metal complexes are now 
available(22'95’96V
(i) 5,7,7,12,14,14-Hexamethyl-l,4,8,11-tetrazacyclotetra- 
deca-4,ll-diene
2 + 2 +
The reactions of Ni(en)3 and Cu(en)3 with acetone and other
ketones have been extensively studied^ With acetone, cyclisation
leads to the formation of a complex (I) in which the macrocyclic
tetradentate tetraaza ligand 5,7,7,12,14,14-Hexamethyl-l,4,8,11-
tetraazacyclotetradeca-4,ll,-diene, trans[14]diene, is formed.
I
■N H-N
N-H N
II
(23)
Sadasivan and Endicott have since reported similar reactions for
iron(II). But the method is not very satisfactory for many metal ions.
For these the ligand has been isolated from the nickel or copper complexes
and used for complex formation. A method for preparation of the salt of
trans [14] diene(II) has now been d es cr ibedand the formation of
complexes by replacement of the protons with metal ions in basic solution
is thought to be more convenient than the M(en)3 /acetone method.
(23)Sadavisan and Endicott have prepared several complexes by this method.
(ii) 1,4,8,11-Tetrazacyclotetradecane
Many of the known tetradentate macrocyclic ligands have 14-membered 
rings which may be considered as variants of the simplest, 1,4,8,11- 
tetrazacyclotetradecane, now commonly referred to as cyclam(III).
The ligand has been used extensively by Tobe and co-workers ^  
in studies which required complexes with a planar array of donors and 
minimal steric requirements. Gyclam was first reported by van Alphen^^ 
and was later prepared unambiguously by Stetter and Mayer ^ ^ a n d  then 
Tobe and co-workers ^ ^  , who also prepared the first coordination 
complexes of the amine. The methods used were however rather lengthy and 
the yield was invariably much less than 20%. Barefield^^has described 
a simpler method giving a yield of cyclam of up to 50%.
(iii) Complexes of trans [14]diene and cyclam
(22)Complexes of trans [14] diene have been reviewed by Curtis J and
(95,96)
others . Complexes with the bivalent ions of most of the later
transition metals have been reported and Sperati has prepared complexes 
with chromium(II) and chromium(III). A detailed account of the latter work 
is not yet available.
The nickel (II) halide and perchlorate complexes of cyclam have been 
studied^^. T r i g g h a s  also prepared various chromium(II) complexes 
with cyclam. However, because only very small amounts of the ligand were 
available, the complexes were not obtained in sufficient quantities to 
make detailed investigation possible. But magnetic and spectral studies 
were carried out on Cr (cyclam) 12 which was found to have a highly 
distorted octahedral structure.
II. Investigations of Chromium(II) and Vanadium(II) Complexes
(i) Preparation of complexes with trans [l4] diene
The reactions of tris(ethylenediamine)chromium(II) halides with 
acetone to give the trans[14]diene complexes were not successful. No 
reaction occurred when the substances were left at room temperature for 
long periods. Refluxing the amine complexes with acetone led to 
oxidation and the solids obtained were of uncertain composition.
Trans [l4] diene dihydrohalides were prepared by the method described 
by Curtis and H a y ^ ^ . In their preparation of complexes with various 
first-row metal ions, Sadasivan and Endicott treated the trans [14] diene 
dihydroperchlorate with metal carbonates, or else a mixture of the metal 
halide and sodium carbonate. Although hydrated chromium(II) perchlorate 
can be obtained 1 ; , the solid undergoes a slow internal oxidation/ 
reduction reaction and decomposes over a few weeks even in sealed tubes. 
Also, when air was accidentally admitted into a vessel containing a small 
amount of the perchlorate salt of a chromium(H)-amine complex, an 
explosion occurred Thus amine halides and not perchlorates have been
used in reactions with chromium(II) carbonato-complexes, and with 
chromium (I I) halide and sodium carbonate.
Chromium(II) carbonato-complexes were prepared by treatment of 
chromium(II) halides with alkali-metal carbonates. The complexes were 
then treated with solutions of the trans [14] diene dihydrohalides but no 
reaction was observed. Mien solutions containing chromium(II) halides 
and trans [14] diene dihydrohalide were treated with solutions of alkali- 
metal carbonates, although there was slight evolution of carbon dioxide, 
the carbonatochromate(II) complexes were again formed. The use of 
dilute sodium hydroxide solutions led to the formation of chromium(II) 
hydroxide.
The reason for the failure to obtain chromium (I I) complexes by the
above procedures is not clear. It could be due to the relatively greater
stability of the dimeric carbonatochromate(II) complexes formed with
alkali-metal carbonates. The trans[l4]dienium ion itself is of
(22)
considerable stability, a fact attributed by Curtis to the conformation 
of the macromolecule which may be the optimum for inter-nitrogen hydrogen 
bonding.
2 "I"Addition of ammonium thiocyanate to a solution containing Cr and
trans [14] dienium ions gave a blue precipitate which was quite stable in
anaerobic conditions. The compound was found to be (trans [14] dienium) -
[Cr(CNS)ij] and is discussed in later chapters. Work involving trans[14]-
( '21')
diene with chromium(II) halides was suspended after Sperati's report^ J 
of the complexes. Instead, attention was redirected towards complexes 
with the thiocyanate group, another aspect of the study of chromium(II) 
chemistry which has been almost completely neglected.
Attempts to react vanadium(II) halides with trans [14] diene were
also unsuccessful. Brown solids separated from the solutions after
standing for a day or two. On analysis, these solids were found to
contain hardly any carbon at all. They were probably oxides or oxo-
conpounds; in their work on trans[14]diene complexes of iron(II),Sadavisan 
(23)
and Endicott observed the formation of a black precipitate which was 
thought to be FeO.
(ii) Preparation of cyclam and its complexes
('103')
Cyclam was prepared by methods described in the literature^ -'which 
are outlined in the reaction scheme below:
r o
CH2Br H2N NH2 KOH
CH2Br ii2N NH2
k k
NH2 0
^NH2 0^
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1,5,8,12-Tetraazadecane(IV) was prepared from 1,3-diaminopropane 
and 1,2-dibromoethane as described by Hamilton and Alexander^^. This 
was reacted with nickel perchlorate to give the metal-amine complex (V) 
in aqueous solution. Cyclisation was achieved by condensation with 40% 
aqueous glyoxal. It is important that an aqueous solution of monomeric 
glyoxal is used. Solutions of solid glyoxal which is usually polymeric 
do not lead to condensation. A 40% solution of technical glyoxal supplied 
by BDH was used. The intermediate diene complex (VI) was reduced with 
sodium borohydride to give the nickel(II) complex of cyclam (VII). The 
ligand was isolated by addition of an excess of sodium cyanide to the 
reaction mixture which was then extracted with several portions of 
chloroform to obtain crude cyclam. Hie amine was recrystallised from THF 
when it was obtained as fine white needles.
Required for
Ci oH2itNit:
Found:
C, 59.95; H, 12.08; N, 27.97 
C, 58.25; H, 12.10; N, 27.41%
(a) Cr(cyclam) C l 2
Chromium(II) chloride tetrahydrate (1.70 g) was dissolved in dry 
ethanol (20 cm3) and added dropwise to a solution of cyclam (1.74 g) in 
dry ethanol (20 cm3). The resulting purple solution was warmed at about 
40°C for about two hours. Tetrahydrofuran (50 cm3) was then added drop- 
wise with shaking and the solution left to stand overnight when pink 
crystals were formed. These were filtered off, washed with THF and dried.
Required for
Cr(C10H2IfNJCA2: C, 37.15; H, 7.48; N, 17.33; Cr, 16.08
Found: C, 36.84; H, 7.65; N, 16.30; Cr, 16.42°*
(b) Cr(cyclam)Br2
Chromium(II) bromide hexahydrate (2.22 g) was dissolved in ethanol 
(20 cm3) and added dropwise to a solution of cyclam (1.38 g) in ethanol 
(20 cm3). The solution was warmed gently for about an hour. Tetrahydro­
furan (50 cm3) was then added dropwise with shaking and the solution left 
to stand overnight. The mauve crystals formed were then filtered off, 
washed with THF and dried.
Required for
Cr(C10H24Nif)Br2: C, 29.14; H, 5.87; N, 13.60;
Found: C, 30.95; H, 5.95; N, 11.35;
(c) Cr(cyclam)Br 2•EtOH
Chromium(II) bromide hexahydrate (2.60 g) was dissolved in the 
minimum of dry ethanol (10-15 cm3). The solution was then added to a 
solution of cyclam (1.60 g) in dry ethanol (15 cm3). The resulting mauve 
solution was warmed at about 40°C for two hours and allowed to stand 
overnight. The crop of shiny mauve crystals was filtered off, washed 
once with cold ethanol and dried.
Cr, 12.62 
Cr, 12.501
Required for
Cr(C10H2^N4)Br2 • C2H50H: C, 31.45; H, 6.59; N, 12.73; Cr, 11.35
Found: C, 31.12; H, 6.38; N, 12.40; Cr, 11.281
(d) Cr(cyclam)SO** *H20
Chroinium(II) sulphate pentahydrate (1.93 g) was dissolved in water 
(20 cm3) and added to an aqueous solution of cyclam (1.72 g; ~1090 excess).
The solution was then warmed at 40°C for about two hours and then 
evaporated to dryness by pumping. About 50 cm3 of THF was then added to
the solid residue and shaken to dislodge it from the sides of the vessel.
The contents of the flask were warmed gently for about 15 minutes to 
dissolve any excess cyclam. The solid was filtered off after cooling, 
washed with further portions of THF and dried.
Required for
Cr(Ci0H24Nii)SOit*H2O: C, 32.78; II, 7.15; N, 16.08; Cr, 14.19
Found: C, 32.53; 11, 7.27; N, 14.99; Cr, 14.08%
(e) Cr (cyclam) (NCS) 2
Chromium(II) bromide hexahydrate (2.58 g) was dissolved in water and 
treated with an aqueous solution of ammonium thiocyanate (1.22 g). The 
resulting solution was added with shaking to an aqueous solution of 
2-methylpyridine (1.49 g). The violet Cr(2-mepy)2(CNS)2(p.73) was filtered off, 
washed with several portions of cold water and then dissolved in methanol.
The solution was filtered to remove undissolved solid and added to a 
solution of cyclam (1.61 g) in methanol. The contents of the flask were 
warmed at 40°C for two hours and then evaporated to dryness. About
50 cm3 of THF was then added to shake off the solid which was filtered
off, washed with further portions of THF and dried.
Required for
Cr(C10H2ttNi*) (NCS)2: . C, 39.11; H, 6.56; N, 22.81; Cr, 14.17
Found: C, 44.71; H, 8.34; N, 22.32; Cr, 13.68%
The thiocyanate complex obtained above has an unsatisfactory analysis 
but further purification of the compound or repeat synthesis were not 
possible because of the unavailability of more cyclam. Various studies 
have, however, been carried out on the sample obtained above with the 
hope that these would provide a rough idea of the structure of the complex.
Attempts to prepare complexes of vanadium(II) with cyclam produced 
brown solids similar to those obtained with trans [l4] diene. As with 
chromium(II), further work on vanadium(II) involved thiocyanato-complexes 
to which the remaining chapters of this thesis are devoted.
III. Magnetic Susceptibility Studies
The magnetic susceptibilities and magnetic moments of the compounds 
have been detennined at various temperatures between 295°K and 90°K. For 
high-spin chromium(II), the spin-only magnetic moment is 4.90 BM.
Cr (cyclam) C£2 and Cr (cyclam) Br2 have magnetic moments below this value at 
room temperature which decrease to just above 4.2 BM at liquid nitrogen 
temperature. Both compounds obey the Curie-Weiss law with 0 values of 
20° and 28° for the chloride and bromide respectively. This suggests 
antiferromagnetic behaviour as found by T r i g g i n  the iodide, although 
the higher values of 0 probably indicate stronger interaction in the 
compounds obtained here. The results are shown in Table 3.1 and Fig. 3.1.
Rather less interaction has been observed in Cr (cyclam) Br2*EtOH 
with 0 = 4°, which is comparable with a value of 6° for the iodide. The 
room temperature magnetic moment is 4.74 BM, decreasing to 4.63 BM at 
89.5°K. A similar decrease in moment is shorn by Cr (cyclam) SO ^ «H20 which 
has a room temperature moment of 4.70 BM, decreasing to 4.61 BM at 89.5°K. 
The compound however obeys the Curie law; 0-0, and it is not certain 
whether the decrease in moment with temperature is due to minor 
antiferromagnetic interactions or small experimental errors.
Magnetic susceptibility studies have also been carried out on 
Cr (cyclam) (NCS) 2 although the compound did not have a satisfactory analysis. 
A magnetic moment of 3.03 BM was recorded at room temperature, which 
suggests spin-paired chromium(II). However, the uncertain composition of 
the compound makes this result suspect. The percentages of carbon and 
hydrogen in the compound were found to be much higher than the theoretical 
values while percentage chromium was low. Thus there is probably an 
amount of excess unreacted cyclam present in the sample. This would have 
the effect of lowering the magnetic moment. However if the magnetic moment
TABLE 3.1
Magnetic Susceptibility Data: Chromium(II) Cyclam Complexes
Compound T(K) xA x 106 1/XA ^  10"6 ye(BM)
Cr(cyclam)C£2 291.0 8843 1.131 4.54
262.5 9901 1.010 4.56
230.0 10840 0.9225 4.47
198.5 12520 0.7985 4.46
166.5 14550 0.6872 4.40
135.5 17600 0.5681 4.37
103.5 21930 0.4559 4.26
e = 20° 89.5 25060 0.3991 4.24
Diamagnetic Correction: _ 198 x 10"6 c.g.s. units per mole
Cr (cyclam) Br 2 293.5 8744 1.144 4.53
262.5 9750 1.026 4.52
230.0 10830 0.9232 4.46
198.5 12550 0.8160 4.46
166.5 14400 0.6946 4.38
135.5 17410 0.5743 4.34
103.5 21850 0.4576 4.25
0 = 28° 89.5 25030 0.3996 4.23
Diamagnetic Correction: - 212 x 10"6 c.g.s. units per mole
Cr (cyclam) Br 2 *EtOH 290.0 9694 1.032 4.74
262.5 10600 0.9437 4.72
230.0 12000 0.8336 4.70
198.5 13970 0.7157 4.71
166.5 16460 0.6077 4.68
135.5 20180 0.4954 4.68
103.5 25810 0.3875 4.62
0 = 4 °  89.5 29960 0.3338 4.63
Diamagnetic Correction:-247 x 10"6 e.g.s. units per mole
TABLE 3.1 (Cont)
Compound T(K) XA x 106 1/XA x 10”2 ye(BM)
Cr (cyclam) SO 4 *H20 295.0 9341 1.071 4.70
262.5 10570 0.9464 4.71
230.0 12000 0.8336 4.70
198.5 13970 0.7157 4.71
166.5 16470 0.6070 4.68
135.5 20070 0.4983 4.66
103.5 26070 0.3835 4.65
0 - 0 89.5 29670 0.3370 4.61
Diamagnetic Correction: - 204 x 10 6 c«,g.s. units per mole
Cr (cyclam) (NCS) 2 295.0 3890 2.571 3.03
262.5 4356 2.296 3.02
230.0 4934 2.027 3.01
198.5 5695 1.756 3.01
166.5 6759 1.484 3.00
135.5 8340 1.199 3.00
103.5 10630 0.9711 2.970iiCD 90.0 11950 0.8368 2.93
Diamagnetic Correction: -213 x 10"6 e.g.s. ‘units per mole
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is calculated using a molecular weight based on a percentage chromium 
of 13.68, moments of 3.12 BM at room temperature and 3.00 BM at 90°K 
are obtained. It is thus possible that the low moments are truly due to 
spin-pairing.
IV. Infrared Spectra
The infrared spectra of the compounds were recorded between 
4000 cm 1 and 200 cm 1. Bands in the spectra of the five compounds are 
listed in Table 3.2, as are bands due to cyclam. The spectra obtained 
here and those reported by Trigg^^ for the chloride and bromide 
complexes are similar. However, there is evidence in the spectra of the 
presence of ethanol or water in the compounds and these probably account 
for the slight differences observed.
The infrared spectrum of Cr (cyclam) S0i»*H20 has a very broad band 
covering the region 900-1200 cm"1. This band is usually split for 
coordinated sulphate but here it remains a single band suggesting 
ionic sulphate. The broad band at about 1635 cm 1 may be assigned to the 
H-O-H bending vibration. It is possible that the water molecule is 
coordinated in a square pyramidal structure.
The thiocyanate complex has a spectrum that shows more similarity 
to that of the ligand than do those of the other complexes. This may be 
due to the presence of excess cyclam in the sample, in agreement with the 
poor analytical results. There is a strong band at 2050 cm”1 which has 
been assigned to the C-N stretching frequency. The position of the band 
indicates an N-bonded thiocyanate group.
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V. Electronic Spectroscopy
The electronic spectra of chromium(II) complexes were discussed 
briefly in Chapter 1. In an octahedral field the high-spin d h system 
gives rise to a single band in the visible region, but the system is 
Jahn-Teller unstable and a further splitting of the term gives rise
to more than one band. In a tetragonal field, three bands are expected
->• 5A (vi). SB + 5B 
Lg 9 ig 2g
5 5 S 5corresponding to the transitions Bx 1 V , x z (v2) and
SB ■ + 5E (v3). 
ig g ■
Since the thiocyanate complex appears to be low-spin, its spectrum 
would not be expected to follow the above pattern. In the spectra of 
the remaining cyclam complexes, two bands were observed except for the 
unsolvated bromide which has a single broad and asymmetric band that may
contain unresolved bands. The bands at about 19,500 cm"1 have been
5 5 5 5assigned to a super imposition of B . + B and B -*• E (v2 + v3),
 ^g 2g 1g g
5 5and the distortion band Bj A (vj, is at lower frequency. The
g g
broad band for the unsolvated bromide probably contains all three 
transitions. Weak bands at 25,500 cm 1 in the spectra of both 
Cr (cyclam) Br2-EtOH and Cr (cyclam) (NCS) 2 are probably due to slight 
oxidation. In Table 3.3 the bands and possible assignments are given and 
the colours of the dry compounds are also described.
The two-band spectra are as commonly found for chromium(II) compounds, 
but the position of the distortion bands in the spectra of the cyclam 
complexes is rather difficult to explain on the basis of the different 
axial fields produced by the different anions assuming a tetragonal 
structure. In various chromium(II)-ethylenediamine complexes: Cr(en3)C&2, 
Cr(en2)S0t+ (with coordinated sulphate), Cr(en2)Br2 and Cr(en2)I2; the 
distortion band was o b s e r v e d t o  move to higher frequency as the axial 
donor atoms change: N < 0 < B r < I ,  in agreement with the relative
TABLE 3.3
Bands in the Diffuse Reflectance Spectra of 
Chromium(II) Cyclam Compounds
Compound Colour
v(cm *)
Assign­
ment
RT LNT
Cr (cyclam) Ci^ 2 pinkish
white
19,600 m 
14,000 w
19,600 m 
14,000 w
v2 + v 3
Vi
Cr(cyclam)Br2 purplish
grey
19,000 s,b CD
Cr (cyclam) 12 ^ 26,100 w 
17,600 b 
11,400 sh
(3)
26,100 w 
19,700 s 
16,400 s 
11,200 m
Cr(cyclam)Br2 «EtOH purplish 19,500 s
(3)
25,500 w
grey 15,000 sh 20,200 s 
14,800 sh
Vo + v 3 
Vi
Cr (cyclam) SO i* *H20 purplish 19,400 s 19,600 s V2 + v3
grey 12,700 sh 12,800 sh Vi
Cr(cyclam)(NCS)2 greyish
red
(3) 
25,500 w
21,000 m,b
CD
(1) LNT spectra similar to room temperature spectra.
(2) J. K. Trigg, Ph.D. Thesis, University of Surrey, 1970.
3
(3) Bands probably due to traces of Cr
s = strong, m = medium, w = weak, b = broad, sh = shoulder
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ligand-field strengths and the decreasing axial fields which are in the 
order N > 0 > Br > I. By analogy to these complexes the distortion bands 
in the cyclam complexes would be expected to move to higher frequency in 
the order C£ < Br < I. (The sulphate is believed to be ionic.) Such an 
order has not been observed in the spectra of the cyclam complexes, 
suggesting that the structures vary with anion and are different from 
those of the tetragonally-distorted ethylenediamine compounds.
Among the various aspects of the study of complexes of macrocyclic 
ligands the effect of ring size has been of particular interest^'^'l In 
porphyrins, iron occupies a 16-membered ring while cobalt occupies a 
15-meiiibered ring in vitamin B12. Busch and co-workers^^~^^have carried 
out studies on the constrictive effect of the macrocycle. They conclude 
that there is an ideal ring size for any metal ion given a metal-donor 
atom distance. Smaller than ideal ring sizes lead to unusually high A 
values for the particular donor atom, while larger rings give lower A 
values. Extreme misfits, particularly for small rings, lead to 
distortions from the usual square planar coordination of the macrocycle. 
Among distortions reported are those leading to cis-octahedral^ 
trigonal bipyramidal^^and tetragonal pyramidal^^ structures in which 
the metal ion lies above the plane of the donor atoms.
Busch et a l ^ ^  have shown that for Co3+ the ideal fit is obtained
with a 14-membered ring while a 15-membered ring provides the best fit 
2 + 2 0 2 +
for Ni . Since the Cr ion (0.89 A) is larger than the Ni ion
the best fit for chromium(II). It seems likely, therefore, that the 
flexibility and ring size of cyclam cause the structures of the chromium Cl I) 
complexes to vary with anion, e.g. five- and six-coordination may occur, 
so that straightforward spectral changes with anion,from which structure 
can be deduced, do not occur.
conceivable that a 15-membered or larger ring provides
A more detailed study of the complexes is clearly essential since 
the data available do not indicate the configuration of the macrocycle. 
Although it has not been possible to do these, conductance measurements 
or reactions of the complexes with NaBFi* could indicate whether the 
anions are ionic and the complexes perhaps five-coordinate, thus:
[Cr (cyclam) XjX + NaBFi* [Cr(cyclam)X]BF4 + NaX
However, since the structures of the compounds in solution may be different 
from those of the solids an unambiguous structure can only be obtained by 
an X-ray crystallographic study.
CHAPTER 4
PREPARATION OF THIOCYANATO-COMPLEXES
OF c h r o m i u m ( i i ) a n d  v a n a d i u h ( i i )
Introduction
Although thiocyanato-complexes of the first-row transition metals
are fairly well documented^}, very little is known about the corresponding
chromium(II) compounds and nothing about vanadium(II) compounds. There
have, however, been various attempts to study the chromium (I I) system.
(24)
Sand and Burger reported the presence of species such as
(NH4) 2[jCr(NCS) J in solutions of chromium(II) chloride in amyl alcohol to
(115)which ammonium thiocyanate had been added. Hume and Stone added an 
excess of potassium thiocyanate to a solution of chromium(II) chloride 
and obtained a magnetic moment of 4.90 B.M. for the resulting solution.
They could not isolate a solid.
Koppel^^has isolated a highly unstable complex Na3 [Cr(CNS) 5] *11 H20 
from an aqueous solution of chromium(II) chloride in an excess of sodium 
thiocyanate. The magnetic moment of this compound was reported to be 
4.77 B.M. at 291 K . The existence of this compound has since been 
confirmed by Yavari although the degree of hydration remains uncertain. 
The latter worker has also succeeded in isolating an acetone adduct of 
the complex, but attempts to prepare other such complexes were 
unsuccessful.
The only thiocyanato-complex of reasonable stability has been 
reported by Barbieri and Tettamanzi^}. The compound, formulated as 
Cr(SCN)2,2(C6H12Nit*HSCN),has been studied in this work.
A series of thiocyanato-complexes of both chromium(II) and 
vanadium(II) have been prepared. Metal thiocyanate solutions were 
obtained by reacting aqueous solutions of the metal (II) halides with 
stoichiometric amounts of ammonium thiocyanate. The resulting solution
was then treated with an amine or an organic salt. The general reaction
scheme is shown below:
Acid  ^ 1) NH4 SCiM? +
Cr -----------► Cr  *-
2) Cat
1) NHi+SCN
------- > Cr(amine)2(CNS)2
2) Amine
1) NH^SCN
------- >■ (Cat),, [V(NCS) 6]
2) Cat
1) NH^SCN
------- * V (amine) 11 (NCS) 2
2) Amine
(Cat = organic cation)
A tube containing a known weight of the metal halide or sulphate 
was notched and broken in a vessel previously flushed with nitrogen. The 
solid was then dissolved in about 20-30 cm3 of deoxygenated water and the 
solution filtered to remove pieces of glass. Next, the required amount 
of ammonium thiocyanate was dissolved in about 20-30 cm3 of deoxygenated 
water and added to the metal solution. The resulting deep blue solution 
was used immediately for further reaction.
In one case only, for the preparation of enH2 [Cr(CNS) J  , the metal 
thiocyanate solution was obtained by reacting chromium (I I) sulphate with 
barium thiocyanate and filtering off the precipitate of barium sulphate. 
This was because the compound was very soluble in water and therefore 
could not be washed sufficiently to remove the ammonium chloride otherwise 
formed.
Attempts to isolate simple thiocyanate salts were unsuccessful. The 
solution obtained from the reaction of chromium (I I) sulphate and barium
electrolytic
V0Br2 ---------- > VBr2
reduction
(Cat)2 [Cr(CNS),,]
thiocyanate followed by filtration of the barium sulphate precipitate was 
very unstable. It decomposed after a very short time, changing from deep 
blue to dark green, and giving off a strong smell of hydrogen sulphide. 
Attempts to isolate a solid from the chromium(II) halide-ammonium 
thiocyanate solution were also unsuccessful; the solution decomposed while 
it was being evaporated, or on standing for too long. With the 
vanadium(II) bromide-ammonium thiocyanate system, a green solid was 
obtained. However, attempts to rid the compound of impurities (mainly 
ammonium bromide) were unsuccessful; analytical results were 
unsatisfactory.
Except for enH2 [Cr(CNS) k] , and the hexathiocyanatovanadate(II) 
salts, the compounds were generally insoluble in water. They were 
soluble in ethanol to various extents but all were very soluble in acetone. 
The chromium(II) compounds were generally much more susceptible to aerial 
oxidation, changing into dark grey solids. The exceptions were 
(hexH) 2 [Cr(CNS) and Cr(tu) 2(CNS) 2 which were quite stable in the air 
when dry. The vanadium(II) compounds oxidised more slowly in the air; 
they generally turned yellow or orange.
I. Thiocyanatochromate(II) Salts of Organic Cations
(a) Ethylenediammonium tetra (thiocyanato) chromate (II)
Ethylenediammonium dithiocyanate was prepared first, by neutralising 
a weighed amount of the amine with dilute hydrochloric acid and then 
adding an aqueous solution of a stoichiometric amount of ammonium 
thiocyanate. The required compound crystallised on standing overnight.
An aqueous solution of chromium(II) sulphate pentahydrate (2.38 g 
in 20 cm3 water) was treated with an aqueous solution of barium thio­
cyanate (2.53 g in 20 cm3 water) . The precipitate of barium sulphate was 
filtered off as quickly as possible, the filtrate being reacted 
immediately with an aqueous solution of ethylenediammonium dithiocyanate 
(1.78 g in 20 cm3 water). A pale blue solid separated out; it was 
filtered off and washed with a small amount of ice-cold water, and then 
dried for about twelve hours.
Required for
(C2H10N2)[Cr(CNS)4]: C, 20.78; H, 2.91; N, 24.27;
Found: C, 20.79; H, 3.13; N, 23.46;
(b) Trans [l4] dienium tetra (thiocyanato) chromate (I I)
5,7,7,12,14,14-hexamethyl-l,4,8,ll-tetrazacyclotetradeca-4,4-diene
T9 71dihydrobromide dihydrate was prepared by methods already reported'- J
Required for
C16H38N.»02Br2: C, 40.16; H, 8.37; N, 11.71
Found: C, 39.97; H, 8.36; N, 11.73%
An aqueous solution containing chromium(II) bromide hexahydrate 
(1.60 g) and ammonium thiocyanate (1.52 g) was treated with a solution of 
the trans[14]dienium salt (2.20 g in 25 cm3 water). A bright blue
Cr, 15.01 
Cr, 15.31%
precipitate was immediately formed. This was filtered off, washed with
several small portions of water and dried for about twelve hours.
Required for
(C16H3HM^[Cr(CNS)^]: C, 42.38; H, 6.05; N, 19.77;
Found: C, 41.32; H, 6.03; N, 19.59;
(c) Pyridinium tetra (thiocyanato) chromate (II)
A solution of pyridinium chloride (1.82 g in 20 cm3 water) was added 
to an aqueous solution containing chromium(II) bromide hexahydrate (2.52 g) 
and ammonium thiocyanate (2.40 g). A greenish brown solid separated after 
shaking for a few seconds. This was filtered off, washed with a few small
portions of ice-cold water and dried for about twelve hours.
Required for
(C5H6N)2 [Cr(CNS)i,] : C, 37.82; H, 2.72; N, 18.91;
Found: C, 36.91; H, 2.68; N, 18.66;
(d) Hexaminium tetra (thiocyanato) chromate (II)
An aqueous solution of hexamine hydrothiocyanate (5.06 g in 25 cm3 
water) was added to an aqueous solution containing chromium (I I) bromide 
hexahydrate (3.28 g) and ammonium thiocyanate (3.12 g). The resulting 
blue precipitate was filtered off, washed with several small portions of 
water and then dried for about twelve hours. When dry, the hexaminium 
tetra(thiocyanato)chromate(II) compound was quite stable in air.
Required for
(C6H13N J 2[Cr(CNS)^]: C, 33.91; H, 4.62; N, 29.66; Cr, 9.18
Found: C, 33.60; H, 4.69; N, 29.14; Cr, 9.23°4
Cr, 11.69 
Cr, 11.651
Cr, 9.17 
Cr, 8.961
(e) Hexaminium tetra (thiocyanato) chromate (II) ethanolate
Hexaminium tetra (thiocyanato) chromate (11) was prepared as described 
in (d). After filtration and washing, the solid was recrystallised from 
warm 96% ethanol. The solid obtained was filtered off, washed with a 
small portion of cold ethanol and dried for about eight hours. Unlike the 
original solid, the ethanolate is unstable to the air, quickly turning 
grey on exposure.
Required for
(C6H13N^)2[Cr(CNS)^]-C2H5OH: C, 35.28; H, 5.26; N, 27.44; Cr, 8.49
Found: C, 35.90; H, 5.10; N, 27.32; Cr, 8.44
(f) Tetramethylammonium tetra (thiocyanato) chromate (II)
A solution of tetramethylammonium bromide (2.75 g in 25 cm3 water) 
was added to an aqueous solution containing chromium(II) bromide 
hexahydrate (2.86 g) and ammonium thiocyanate (2.72 g). The pale blue 
precipitate, which separated out immediately, was filtered off, washed 
with small portions of cold water and dried for about twelve hours.
Required for
[(CH3)i,N]2 [Cr(CNS)4] : C, 33.31; H, 5.59; N, 19.43; Cr, 12.02
Found: C, 33.22; H, 5.73; N, 19.14; Cr, 11.981
(g) Tetraethylammonium tetra (thiocyanato) chromate (II)
An aqueous solution containing chromium(II) bromide hexahydrate 
(2.61 g) and ammonium thiocyanate (2.48 g) was treated with a solution of 
tetraethylammonium bromide (3.43 g in 25 cm3 water). The resulting mauve 
precipitate was filtered off, washed with cold water and dried for about 
twelve hours.
Required for
[(C2H5)„N]2 [Cr(CNS)^ : C, 44.12; H, 7.40; N, 15.43; Cr, 9.54
Found: C, 43.96; H, 7.29; N, 15.26; Cr, 9.48%
(h) Tetraethylammonium tetra (thiocyanato) chromate (II) ethanolate
Tetraethylammonium tetra (thiocyanato) chromate (I I) was prepared as 
described above. The mauve solid was then recrystallised from warm 96% 
ethanol from which it separated on standing as blue crystals. These were 
filtered off, washed with cold ethanol and dried for about eight hours.
Required for
[(C2Hs)i,N]2[Cr(CNS)il]*EtOH: C, 44.72; H, 7.85; N, 14.23; Cr, 8.80
Found: C, 44.44; H, 7.97; N, 14.41; Cr, 8.79
(i) Tetra-n-propylammonium tetra (thiocyanato) chromate (II)
A solution of tetra-n-propylammonium bromide (4.44 g in 25 cm3 water) 
was added with shaking to an aqueous solution of 2.67 g chromium(II) 
bromide hexahydrate and ammonium thiocyanate (2.54 g). The bright blue 
solid separated immediately, was filtered off, washed with water and dried 
for about twelve hours.
Required for
[(C3H7)^N]2[Cr(CNS)„]: C, 51.18;
Found: C, 50.75;
(j) Tetra-n-propylammonium tetra (thiocyanato) chromate (I I) ethanolate
Tetra-n-propylammonium tetra (thiocyanato) chromate (II) was prepared 
as in (i) above. The solid was filtered off and washed with several small 
portions of water. It was then suspended in 96% ethanol and warmed at 
about 50°C for two hours. The resulting mauve precipitate was filtered 
off, washed with ethanol and dried for about eight hours.
H, 8.59; N, 12.79; Cr, 7.91 
H, 8.76: N, 12.72; Cr, 7.89%
Required for
[ ( C 3 H 7 ) i,N] 2 [Cr(CNS)4] *EtOH: C, 51.25; H, 8.89; N, 11.95; Cr, 7.40
Found: C, 51.24; H, 9.05; N, 11.85; Cr, 7.39
(k) Tetra-n-butylammonium tetra (thiocyanato) chromate (II) (BROWN)
An aqueous solution of tetra-n-butylammoniumbromide (5.76 g in 
40 cm3 water) was added with shaking to an aqueous solution of chromium(II) 
bromide hexahydrate (2.86 g) and ammonium thiocyanate (2.72 g). A sticky 
blue solid was formed immediately. After a few minutes, however, the solid 
started turning brown and this change was complete in ten to fifteen 
minutes by which time the solid had become less sticky and could be shaken 
off the sides of the flask. The solid was filtered off and washed with 
several small portions of water. It was then dissolved in a minimum of 
absolute ethanol, giving a blue solution, and left to stand. Brown 
crystals separated after a few hours and these were filtered off and 
dried for several hours.
Required for
[(C„H9)^N]2[Cr(CNS)i(]: C, 56.21; H, 9.44; N, 10.93; Cr, 6.76
Found: C, 55.76; H, 9.51; N, 10.80; Cr, 6.75%
(1) Tetra-n-butylammonium tetra (thiocyanato) chromate (II) (BLUE)
The blue compound was prepared by a method similar to the above 
except that chromium(II) sulphate pentahydrate was used instead of the 
bromide. Also the blue compound first formed was not left to change 
completely to brown but was isolated by decanting off the aqueous solution. 
The solid was quickly washed twice with water by decantation, dissolved in 
96% ethanol, and left to crystallise. Blue crystals separated out slowly. 
If crystallisation took place too quickly, brown crystals were formed.
These however changed back to the blue form on standing. Attempts to
o\
°
obtain the blue form were unsuccessful when chromium(II) bromide or
chloride were used as starting material. When chromium(II) sulphate or
iodide were used the final product was almost invariably the blue fom.
Required for
[(C„H9),,N] [Cr(CNS)„]: C, 56.21; H, 9.44; N, 10.93; Cr, 6.76
Found: C, 56.03,; II, 9.50; N, 10.87; Cr, 6.71 ©so
II. Pyridine, methylpyridine and thiourea complexes of chromium(II)
thiocyanate
(a) Dithiocyanatob is (pyridine) chromium (II)
An aqueous solution of 3.92 g chromium(II) bromide hexahydrate and 
1.86 g ammonium thiocyanate was added dropwise and with constant shaking 
to a solution of pyridine (1.94 g) in 25% ethanol (20 cm3). A yellowish- 
green precipitate was immediately formed and this was filtered off, 
recrystallised from a water-acetone mixture, and dried for several hours.
Required for
Cr(C5H5N)^(CNS)2*H20: C, 41.85; H, 3.51; N, 16.27; Cr, 15.10
Found: C, 41.21; H, 3.06; N, 16.36; Cr, 15.08%
(b) Dithiocyanatob is (2 -methylpyridine) chromium (II)
An aqueous solution of chromium(II) bromide hexahydrate (2.58 g) 
and ammonium thiocyanate (1.23 g) was added slowly and with shaking to 
an aqueous solution of 2-methylpyridine (1.50 g in 20 cm3 water). The 
resulting violet solid was filtered off and washed with water. It was 
then recrystallised from warm 75% methanol and dried for several hours.
Required for
Cr(C6H7N)2(CNS)2• C, 47.44; H, 3.98; N, 15.81; Cr, 14.67
Found: C, 47.44; H, 4.06; N, 15.40; Cr, 14.60%
(c) Dithiocyanatob is (3-methylpyridine) chromium (II)
An aqueous solution of chromium(II) bromide hexahydrate (3.12 g) 
and ammonium thiocyanate (1.49 g) was added with shaking to a solution of
3-methylpyridine (1.81 g) in 25% ethanol (25 cm3). The light mauve solid 
formed was filtered off, washed with water and recrystallised from a 
water-acetone mixture.
Required for
Cr(C6H7N)2(CNS)2: C, 47.44; H, 3.98; N, 15.81; Cr, 14.67
Found: C, 46.86; H, 4.01; N, 15.43; Cr, 14.51%
(d) Dithiocyanatob is (4-metliylpyridine) chromium(II)
An aqueous solution of chromium(II) bromide hexahydrate (2.86 g) 
and ammonium thiocyanate (1.36 g) was added with shaking to a solution of
4-methylpyridine (1.66 g) in 25% ethanol (25 cm3). A yellowish green 
precipitate was immediately formed and this was filtered off and 
washed with water. It was then recrystallised from aqueous acetone.
Required for
Cr(C6H7N)2(CNS)2•’ C, 47.44; H, 3.98; N, 15.81; Cr, 14.67
Found: C, 46.38; H, 3.95; N, 15.68; Cr, 14.49
(e) Dithiocyanatob is (thiourea) chromium (II)
An aqueous solution of thiourea (1.65 g in 25 cm3 water) was added 
slowly and with shaking to an aqueous solution containing chromium(II) 
bromide hexahydrate (3.40 g) and ammonium thiocyanate (1.62 g). The 
bright green crystals appeared after a few minutes. These were then 
filtered off, washed with a few portions of ice-cold water and dried for 
about twelve hours. The dry solid is quite stable in the air.
Required for
Cr[(NH2)2CS]2(CNS)2: C, 14.99; H, 2.51; N, 26.23; Cr, 16.22
Found: C, 14.98; H, 2.46; N, 26.46; Cr, 16.344
o\
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III. 1,10-Phenanthroline and 2,2’-Bipyridyl complexes of chromium(II)
thiocyanate
(a) Pi(isothiocyanato)bis (1,10-phenanthroline) chromium(II) hydrate
An aqueous solution of chromium(II) bromide hexahydrate (2.54 g) and 
ammonium thiocyanate (1.21 g) was added very slowly and with constant 
shaking to solution of 1,10-phenanthroline (2.86 g) in aqueous ethanol 
(25 cm3). (The order of addition, metal ion solution to amine, was 
crucial. The reverse order, amine to metal ion, yielded a product of 
uncertain composition, probably due to the formation of a mono- 
phenanthroline complex.) The brown precipitate was filtered off, washed 
with several portions of water and dried for about twelve hours.
Required for
Cr(C12HsN2)2(NCS)2 *H20: C, 57.14; H, 3.32; N, 15.38; Cr, 9.51
Found: C, 57.96; H, 3.56; N, 15.62; Cr, 9.55%
(b) Pi(isothiocyanato)bis(2,2*-bipyridyl)chromium(IT)
An aqueous solution of chromium(II) bromide hexahydrate (2.74 g) 
and ammonium thiocyanate (1.30 g) was added very slowly with shaking to 
a solution of 2,2’-bipyridyl (2.67 g) in aqueous ethanol (25 cm3). A 
very dark blue precipitate was immediately formed. This was filtered 
off, washed with water and dried for several hours.
Required for
Cr(Ci0H8N2)2(NCS)2: C, 54.99; N, 3.36; N, 17.49; Cr, 10.82
Found: C, 54.52; H, 3.26; N, 17.56; Cr, 10.63%
IV. Isothiocyanatovanadate(II) salts of organic cations
(a) Pyridinium hexakis (N-thiocyanato) vanadate (II)
An aqueous solution of pyridinium chloride (2.40 g in 20 cm3 water) 
was added to an aqueous solution of vanadium(II) bromide hexahydrate 
(3.13 g) and ammonium thiocyanate (3.16 g). The very dark brown, almost 
black, precipitate separated out after a few moments of shaking. It was 
filtered off, washed with ice-cold water and dried for several hours.
Required for
(CsHeN) i, [V(NCS) e]: C, 43.38; H, 3.36; N, 19.46; V, 7.08
Found: C, 42.89; H, 3.28; N, 19.31; V, 7.164
(b) Tetramethylammonium hexakis (N- thiocyanato) vanadate (11)
An aqueous solution of vanadium(II) bromide hexahydrate (2.65 g) and 
ammonium thiocyanate (3.80 g) was shaken with an aqueous solution of 
tetramethylammonium bromide (5.13 g in 20 cm3 water). The green 
precipitate formed was filtered off, washed with ice-cold water and 
dried for several hours.
Required for
[(CH3) gN] i, [V(NCS) 6] -H20: C, 37.00; H, 7.06; N, 19.62; V, 7.13
Found: C, 36.74; H, 7.09; N, 19.86; V, 7.074
(c) Tetraethylammonium hexakis (N-thiocyanato)vanadate (II) hydrate
An aqueous solution of tetraethylammonium bromide (7.37 g in 20 cm3 
water) was added with shaking to an aqueous solution of vanadium(II) 
bromide hexahydrate (2.64 g) and ammonium thiocyanate (4.00 g). A green 
precipitate was formed after a few seconds. This was filtered off, 
washed with ice-cold water and dried for several hours.
Required for
[(CzHs^NPfVCNCSJe] »H20: C, 48.86; H, 8.81; N, 14.93; V, 5.43
C, 48.84; H, 8.88; N, 14.54; V, 5.21%
(d) Tetra-n-butylainmonium hexakis (N-thiocyanato) vanadate (II) hydrate
An aqueous solution of tetra-n-butylammonium bromide (11.22 g in 
25 cm3 water) was added to an aqueous solution of vanadium(II) bromide 
hexahydrate (2.77 g) and ammonium thiocyanate (3.97 g). The brown solid 
which immediately separated stuck to the walls of the container. After 
shaking for a while the aqueous layer was decanted. The solid was further 
washed with water by decantation and then dissolved in the minimum of 
80% ethanol and left to stand in a refrigerator overnight. If necessary 
the solution can be concentrated by evaporation to obtain a better yield. 
The solid was filtered off, washed twice with 80% ethanol and dried for 
several hours. The dry solid is brown at room temperature, but green at 
liquid nitrogen temperature.
Required for
[(C^H9)^N]4v (NCS)g] *H20: C, 60.60; H, 10.61; N, 10.10; V, 3.67
Found: C, 59.70; H, 10.55; N, 10.03; V, 3.53%
(e) Hexaminium hexakis (N-thiocyanato) vanadate (II) hydrate
An aqueous solution of hexamethylenetetramine hydro thiocyanate 
(6.28 g in 20 cm3 water) was added with shaking to an aqueous solution of 
vanadium(II) bromide hexahydrate (2.02 g) and ammonium thiocyanate (2.90 g). 
A green precipitate was formed after a few moments. This was filtered off, 
washed with a few portions of ice-cold water and dried for about twelve 
hours.
Required for
(C6H13N.^[V(NCS)6]»H20: C, 36.68; H, 5.54; N, 31.38; V, 5.19
Found: C, 35.46; H, 5.41; N, 31.33; V, 5.28%
V. Isothiocyanatovanadium(II) complexes with various pyridines
(a) Bis (N-thiocyanato) tetra (pyridine) vanadium( 11)
An aqueous solution containing vanadium(II) bromide hexahydrate 
(3.25 g) and ammonium thiocyanate (1.64 g) was added dropwise and with 
shaking to a solution of pyridine (3.42 g) in 20% ethanol (20 cm3). A 
brown precipitate was immediately formed. This was filtered off, washed 
a few times with water and dried for several hours.
Required for
V(C5H5N)lt(NCS)2: 0, 54.87; H, 4.18; N, 17.46; V, 10.58
Found: C, 54.06; H, 4.07; N, 17.41; V, 10.52%
(b) Bis (N-thiocyanato) tetra (3-methylpyridine) vanadium(II)
An aqueous solution of vanadium(II) bromide hexahydrate (3.15 g) 
and ammonium thiocyanate (1.59 g) was added dropwise and with shaking to 
a solution of 3-methylpyridine (3.89 g) in 20% ethanol (20 cm3). The 
resulting brown precipitate was filtered off, washed with water and 
alcohol and dried for several hours.
Required for
V(C6H7N)4(NCS)2: C, 57.87; H, 5.23; N, 15.58; V, 9.44
Found: C, 57.58; H, 5.13; N, 15.24; V, 9.68%
(c) Bis (N-thiocyanato) tetra (4-methylpyridine) vanadium(II)
An aqueous solution of vanadium(II) bromide hexahydrate (4.04 g) 
was added dropwise and with shaking to a solution of 4-methylpyridine 
(5.00 g) in 20% ethanol (20 cm3). The brown precipitate was filtered off, 
washed with water and ethanol and then dried for several hours.
Required for
V(C6H7N)i*(NCS)2: C, 57.87; H, 5.23; N, 15.58; V, 9.44
Found: C, 58.22; H, 5.28; N, 15.16; V, 9.491
(d) Bis(N-thiocyanato)tetra(4-cyanopyridine)vanadium(II)
An aqueous solution of vanadium(II) bromide hexahydrate (3.37 g) and 
ammonium thiocyanate (1.60 g) was added dropwise and with shaking to a 
warm aqueous ethanolic solution of 4-cyanopyridine (4.38 g in 20 cm3 of 
20% ethanol). The solution was allowed to cool when very dark blue 
crystals separated. These were filtered off, washed with a few portions 
of cold water and then dried for several hours.
Required for
V(C6HltN2) ^ (NCS)2: C, 53.52; H, 2.76; N, 24.00; V, 8.73
Found: C, 52.75; H, 2.49; N, 24.08; V, 8.701
VI. 1,10-Phenanthroline and 2,2'-bipyridyl complexes of vanadium(II)
thiocyanate
(a) Bis (N-thiocyanato)bis (1,10-phenan thro line) vanadium(I I)
Vanadium bromide hexahydrate (2.92 g) and ammonium thiocyanate 
(1.48 g) were dissolved in water and the resulting solution added dropwise 
to a solution of 1,10-phenanthroline (3.49 g) in 20% ethanol (25 cm3). A 
dark green solid was immediately formed. This was filtered off, washed 
with a few portions of water, then with ethanol and then dried for 
several hours.
C, 59.20; H, 3.06; N, 15.94; V, 9.66 
C, 58.18; H, 3.09; N, 15.70; V, 9.53%
(b) Bis (N-thiocyanato)bis (2,21 -bipyridyl)vanadium(II) hydrate
An aqueous solution of vanadium bromide hexahydrate (2.97 g) and 
ammonium thiocyanate (1.50 g) was added dropwise and with shaking to a 
solution of 2,2’-bipyridyl (3.08 g) in 20% ethanol (25 cm3). A very dark 
blue precipitate was immediately formed and this was filtered off, washed 
with water and ethanol and then dried for several hours.
Required for
V(Ci0H8N2)2(NCS)2H2O: C, 53.11; H, 3.64; N, 16.90; V, 10.24
Found: C, 53.56; H, 3.18; N, 16.83; V, 10.04%
Required for 
V(Ci2H8N2)2(NCS)2:
Found:
VII. Other attempted syntheses
(a) Bis (thiocyanato) tetra (pyridine) chromium(II)
Attempts were made to prepare this and the corresponding substituted 
pyridine complexes. 1 : 2 molar ratios of chromium(II) bromide and 
ammonium thiocyanate were dissolved in the minimum of water. This solution 
was added dropwise and with shaking to a large excess of the amine. With 
pyridine, 2-methyl- and 3-methyl-pyridine, the bis-amine complexes were 
always obtained, even when neat amine was used. With 4-methylpyridine, a 
brown precipitate, presumably the tetra-amine complex, was formed. However, 
it lost amine very easily, giving the green bis-complex, when washed or 
else during drying. The final product gave an uncertain analysis.
Required for: Cr(4-mepy) (CNS) 2 Cr(4-mepy) 2 (CNS) 2 Found
C 57.78 47.44 48.75
H 5.18 3.98 4.57
N 15.55 15.81 13.69
(b) Hexakis (thiocyanato) chromate (II) salts
The use of large excesses of ammonium thiocyanate did not give 
hexakis (thiocyanato) chromate salts as hoped. The te tra (thiocyanato) - 
chromate salts were invariably formed regardless of the ratios of reagents 
used.
(c) Bis (thiocyanato)bis (pyridine) vanadium( 11)
The above compound and related substituted pyridine complexes could 
not be obtained from solution using 2 : 1 ratios of amine to metal ion.
The tetra-pyridine complex always separated out. It may be possible to 
obtain the bis-complex by thermal decomposition of the tetra-form, as
(33)
described for the corresponding halides. This method has not, however, 
been attempted.
Of the tetra-pyridine complexes the 2-methyl pyridine complex could 
not be obtained. This was attributed to steric hindrance presented by an 
a-methyl group when four amine molecules are co-ordinated, probably all 
equatorially. The bis-amine complex with this amine could not be obtained 
either.
(d) Tetrakis(thiocyanato)vanadate salts
When 4 : 1 molar ratios of thiocyanate to vanadium were reacted, 
the precipitate formed was the hexakis(thiocyanato) salt. The tetrakis- 
form could not be obtained even when 1 : 1 molar ratios of thiocyanate 
to vanadium were used.
CHAPTER 5
MAGNETIC SU SCEPTIB IL ITY  STUDIES 
CHROMIUM(I I )  AND V A N A D IU M ( I I )  
THIOCYANATE COMPLEXES
The magnetic susceptibilities of all the compounds prepared in this 
work have been determined as described in Chapter 2 (i). The atomic 
susceptibilities (x^ ) and magnetic moments (y0) have been calculated for 
each compound at various temperatures ranging from room temperature to 
liquid nitrogen temperature. The results are displayed in the tables 
immediately following, as are plots illustrating them.
DISCUSSION OF RESULTS
(i) Thiocyanatochromate(II) salts
The magnetic data for these compounds are shown in Table 5.1. With
a few exceptions, to be mentioned later, the compounds showed magnetic
moments well below the spin-only value and decreasing as the temperature
was lowered. Figure 5.1 (a-£) show the variation of magnetic moment and 
1
—  with temperature. All the compounds obeyed the Curie-Weiss law,
XA
C
XA T + 0
in the range 150-300°K. At lower temperatures, a few of the compounds 
showed slight departures. The value of the Curie-Weiss constant 0 has 
been obtained by extrapolation; in the cases where the higher temperature 
range only is linear, 0 was obtained by extrapolation of these linear 
sections of the plot. 0 values range from 35° for (pyH) 2 [Cr(CNS)4] to 
90° for complex salts of the trans[14]dienium, Me^N*, and Bu4N+ cations. 
These results indicate antiferromagnetic behaviour and can be attributed 
to interaction of chromium(II) ions bridged by thiocyanate ions. 
Thiocyanato-conplexes of the type (cation) 2 [M(CNS) 4] have already been 
reported and many have been found to have six-coordinated tetragonal
structures. In these complexes the central atom is surrounded by four 
nitrogen atoms in a plane and two sulphur atoms t r a n s  to this plane.
TABLE 5,1
Magnetic Susceptibility Data: Thiocyanatochromate(II) salts
Compound T(K) XA x 106 l/xA x 10~2 ye(BM)
(C16H3*NO[Cr(CNS).,] 295.0 7816 1.279 4.29
262.5 8519 1.174 4.23
230.0 9456 1.058 4.17
198.5 10420 0.9599 4.07
166.5 11600 0.8623 3.93
135.5 12900 0.7754 3.74
103.5 14030 0.7129 3.41
e = 90° 89.5 14880 0.6722 3.26
Total Diamagnetic Correction: -■317 x 10 6 c.g.s. units per mole
(enH2) [Cr(CNS)„] 293.0 7606 1.315 4.23
262.5 8321 1.202 4.18
230.0 9189 1.088 4.11
198.5 10171 0.9832 4.02
166.5 11496 0.8699 3.91
135.5 13022 0.7679 3.76
103.5 14895 0.6714 3.51ooooIICD 89.5 15703 0.6368 3.35
Total Diamagnetic Correction: •222 x 10 6 c..g.s. units per mole
(pyH)2 [Cr(CNS)„] 295.5 6046 1.654 3.78
262.5 6815 1.467 3.78
230.0 7599 1.316 3.74
198.5 8645 1.157 3.70
166.5 9995 1.001 3.65
135.5 11748 0.8512 3.57
103.5 14084 0.7100 3.41
e = 35° 89.5 15798 0.6330 3.36
Total Diamagnetic Correction: 213 x 10 6 c.g.s. units per mole
TABLE 5.1 (Cant)
Compound T(K) XA x l °6 i/xA x 10"2 Ue (EM)
(Me„N) 2 [Cr(CNS) „] 297.5 6097 1.640 3.81
262.5 6728 1.486 3.76
230.0 7359 1.359 3.70
198.5 8161 1.225 3.60
166.5 9115 1.097 3.48
135.5 10204 0.9800 3.33
103.5 11792 0.8481 3.12
e = 90° 89.5 12439 0.8039 2.98
Total Diamagnetic Correction: ■254 x 10 6 c.g.s. units per mole
(Et„N)2[Cr(CNS)„] 295.0 8133 1.230 4.38
262.5 8899 1.124 4.32
230.0 10230 0.9787 4.34
198.5 11320 0.8834 4.24
166.5 13320 0.7506 4.21
135.5 15440 0.6474 4.09
103.5 19040 0.5251 3.97
6 = 38° 89.5 21340 0.4687 3.91
Total Diamagnetic Correction: -•348 x 10 6 c..g.s. units per mole
(Et„N) 2 [Cr(CNS) „] •EtOH 294.0 9052 1.105 4.61
262.5 10260 0.9750 4.64
230.0 11590 0.8632 4.62
198.5 13520 0.7398 4.63
166.5 16520 0.6144 4.66
135.5 19760 0.5060 4.63
103.5 25860 0.3867 4.63
89.5 30020 0.3331 4.64
Total Diamagnetic Correction: -383 x 10 6 c.g.s. units per mole
TABLE 5.1 (Cant)
Compound T(K) XA x 106 l/xA X lCf2 ye(BM)
(hexH) 2 [Cr (CNS) i, ] 295.0 9547 1.047 4.75
262.5 10600 0.9434 4.72
230.0 12180 0.8213 4.73
198.5 14360 0.6964 4.77
166.5 16950 0.5899 4.75
135.5 21000 0.4761 4.77
103.5 27130 0.3686 4.74
89.5 31540 0.3171 4.75
Total Diamagnetic Correction: --357 x 10 6 c.g.s. units per mole
(hexH) 2 [Cr(CNS) ,,] •■EtOH 291.5 9451 1.058 4.69
262.5 10110 0.9692 4.65
230.0 11440 0.8741 4.59
198.5 12690 0.7882 4.49
166.5 14460 0.6914 4.39
135.5 16620 0.6015 4.24
103.5 17780 0.5030 4.06oot".IICD 89.5 21450 0.4663 3.92
Total Diamagnetic Correction: -■391 x 10 6 c..g.s. units per mole
(Pri,N) 2 [Cr (CNS) i, ] 295.0 8458 1.182 4.47
262.5 9132 1.0950 4.47
230.0 10210 0.9797 4.34
198.5 11330 0.8828 4.24
166.5 12770 0.7833 4.12
135.5 14250 0.7016 3.93
103.5 16100 0.6210 3.65
0 = 82° 89.5 16640 0.6009 3.45
Total Diamagnetic Correction: -443 u
CD1oI—1 g.s. units per mole
TABLE 5.1 (Cont)
Compound T(K) XA x 106 l/xA x 10"2 ye(BM)
(Pr„N)2[Cr(CNS) ^j-EtOH 295.0 9321 1.073 4.69
262.5 10410 0.9609 4.67
230.0 12010 0.8328 4.70
198.5 13790 0.7252 4.68
166.5 16400 0.6098 4.67
135.5 20280 0.4932 4.69
103.5 26210 0.3815 4.66
89.5 30390 0.3290 4.66
Total Diamagnetic Correction: -477 x 10 6 c,.g.s. units per mole
(Bu4N)2[Cr(CNS) 4] 295.0 9581 1.044 4.75
(Brown sample) 262.5 10770 0.9281 4.76
230.0 12420 0.8053 4.78
198.5 14140 0.7072 4.74
166.5 17030 0.5872 4.76
135.5 20870 0.4791 4.76
103.5 27400 0.3651 4.76
89.5 31270 0.3198 4.73
Total Diamagnetic Correction: •538 x 10 6 c,.g.s. units per mole
(Bu,,N}>|Cr (CNS) 4] 293.5 7851 1.274 4.29
(Blue sample) 263.0 8706 1.149 4.28
230.0 9451 1.058 4.17
198.5 10580 0.9449 4.10
166.5 11800 0.8476 3.96
135.5 13180 0.7589 3.78
103.5 14750 0.6781 3.49
CD II CO 0
0 89.5 15760 0.6346 3.36
Total Diamagnetic Correction: -538 1—
•
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The interaction between the metal ions is possibly by ’super-exchange' 
through the bridging thiocyanate ions. The linear thiocyanate group makes 
the metal-metal distance rather long for direct interaction. An attempt 
has been made to fit the results of some compounds to theoretical 
expressions (eqns. 1.3 and 1.4). Eamshaw and co-workers have found 
that theoretical results for linear chains of large numbers of units do 
not differ very much from those for binuclear compounds. Using the 
expression (eqn. 1.3) for binuclear compounds, the experimental results 
of the compound (Bu4N)2 [CrCCNS)^ ] (blue sample) are fairly well reproduced 
when J = -8.5 cm 1 and g = 1.92. Using a value of J =-10.4 cm-1, g = 1.99, 
a slightly less satisfactory fit was obtained. Theoretical and experimental 
curves are given in Fig. 5.2(a).
The expression (eqn. 1.4) for lengthy chains has been used by Leech 
and Machin^^ for various polymeric chromium(II) complex chlorides. A 
similar procedure was used for two compounds (ButtN)2[Cr(CNS)it] and 
(Et^N)2[Cr(CNS)4]. For the former, a good fit was obtained with 
J = -5.6 cm x, and g = 1.96 (Fig. 5.2(b)). For (Et4N) 2 [Cr(CNS) 4] a good 
fit was obtained with J = -3.9 cm 1 and g = 1.94. However, the predicted 
Curie-Weiss constant 0 = 60°, was rather high compared to the experimental 
value of 38°. With J = -3.8 cm 1 and g = 1.93 a value of 0 = 42° was 
obtained. Theoretical and experimental results are illustrated in 
Fig. 5.2(c).
Rather surprisingly, some of the thiocyanatochromate(II) salts showed 
normal high-spin behaviour, obeying the Curie law and with moments only 
slightly below the spin-only value of 4.90 BM. The reduction in magnetic 
moment below the spin-only value has been attributedto the effect of 
spin-orbit coupling and the effective magnetic moment is given by eqn. (1.1):
2_0I  x vX/x
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An approximate value of A = 18,OCX) cm 1 (from spectral data to be
— 1 2 +
given later), and A = +58 cm for a free Cr ion in an octahedral
5
field. The ground term for the D state in a weak octahedral field is 
E^ . Thus a takes a value of 2. The effective magnetic moment calculated
o
from these figures is 4.89 BM which is still much higher than the
experimental values of between 4.63 and 4.75 BM. Besides, if allowance
is made for temperature independent paramagnetism^the effective
magnetic moment should be almost exactly 4.90 BM. Further effects which
would cause deviation from the spin-only value are tetragonal distortiorf^^
(119)and the reduction of A on complex formation . But these two have 
opposite and almost equal effects which therefore cancel out. It 
therefore seems that the low magnetic moments observed in these compounds 
are due to other factors. Because they obey the Curie law with 0 = 0, it 
is unlikely that there is any antiferromagnetic interaction in the 
compounds. The presence of chromium(III) impurity caused by oxidation
3
could lower the magnetic moment. However, a large percentage of Cr ions 
(> 10%) would be required to cause the observed difference, and no evidence 
of this was observed in the electronic data.
A more likely cause of the observed discrepancy may be experimental 
errors which could come from various sources: slight errors may be expected 
from non-uniformly packed samples and in the measurement of the sample 
length; errors in the calibration of both the instrument and the sample
3 4-
tubes. These, coupled with some very small percentages of Cr (1-2%, not 
detectable in electronic spectra), could cause the differences observed.
The nature of the compounds which showed the above behaviour is of 
particular interest. The [Et^ N]* and [Pr4N]+ salts were antiferromagnetic 
when prepared from aqueous solution. However, these compounds formed 
ethanol adducts which were normal high-spin. The situation was completely
different with (hexH) 2 [Cr(CNS) 4] which was high-spin but gave an anti­
ferromagnetic ethanol adduct (hexH)2 [Cr(CNS)4]£tOH. The compound 
(BU4N) 2 [Cr(CNS) 4] was obtained in two forms, brown and blue, which showed 
normal high-spin and antiferromagnetic behaviour respectively. Assuming 
that antiferromagnetic interaction does take place by ’super-exchange’ 
through a thiocyanate bridge, it is likely that the ethanol molecules in 
(EtifN)2 [CrCCNS)^ ] »EtOH and (Pr^ N) 2 [Cr(CNS) 4] »EtOH cause a change in 
structure which makes the process impossible.
The high-spin behaviour of (hexH).2[Cr(CNS)i»] is probably due to the 
absence of bridging thiocyanates. The hexaminium ion has three 
unprotonated amine groups through which it could coordinate. A tetragonal 
configuration of four equatorial thiocyanate ligands and two axial 
hexaminium ions is consistent with the stoichiometry of the compound and 
the observed magnetic moment. The ethanol molecule in (hexH)2[Cr(CNS)4]*EtOH 
probably prevents the coordination of the hexaminium ion, giving a bridged 
tetragonal structure instead.
The blue complex, (But+N)2 [Cr(CNS)tt], may be assigned a bridged 
tetragonal structure. Forster and Goodgame^^have isolated complexes of 
the type (Cation) 4 [Ni(CNS) 4] which are generally thiocyanate-bridged 
tetragonal structures. However, with very large cations like tetra- 
phenylarsonium, tetrahedral analogues could be isolated. Although the 
tetrabutylammonium might be expected to be sufficiently large to stabilise 
a tetrahedral structure, the temperature independent magnetic moment of 
4.75 BM for the brown complex cannot be attributed to such a structure.
There is further evidence against such a structure in the electronic spectra.
A summary of the magnetic behaviour of the thiocyanatochromate(II) 
salts is given in Table 5.2. Further discussion of the structure of these 
compounds will be resumed in conjunction with infrared spectral results.
— XKJKJ —
TABLE 5.2
Summary of Magnetic Data: Thiocyanatochromate(II) salts
Compound ue
RT
(BM)
LNT 0
Diamagnetic 
correction 
x 106
Inter­
action
(C16H3^ )[Cr(CNS)^ 4.29 3.26 90 -317 Antiferro­
magnetic
(enH2) [CrCCNS)^ ] 4.23 3.35 80 -222 ii
(pyH)2[Cr(CNS),,] 3.78 3.36 35 -213 it
( M e ^ 2[Cr(CNS)i, 3.81 2.98 90 -254 it
(Eti,N) 2 [Cr (QMS) ^ 4.38 3.91 38 -348 it
(Eti,N) 2 [Cr (CNS) ^ •EtOH 4.61 4.64 0 -383 Normal
high-spin
(hexH^JCrCCNS),/ 4.75 4.75 0 -357 it
(hexH) 2 [Cr (CNS) •EtOH 4.69 3.92 70 -391 Antiferro­
magnetic
(Pri,N) 2 [Cr(CNS) i,’ 4.47 3.45 82 -443 11
(Pr^fCrfCNS),,; •EtOH 4.69 4.66 0 -477 Normal
high-spin
(Bui,N) 2 [Cr (CNS) i,"(Brown) 4.75 4.73 0 -538 it
(Bui,N) 2 [Cr (CNS) i,'(Blue) 4.29 3.36 90 -538 Antiferro­
magnetic
(ii) Amine complexes of chromium(II) thiocyanate
The pyridine, substituted pyridine and thiourea complexes of 
chromium(II) thiocyanate were antiferromagnetic. The Curie-Weiss law 
was obeyed with 0 values ranging from 36° for Cr(tu)2 (CNS)2 to 120° for 
Cr(4-mepy)2(CNS)2. Similar pyridine and methyl pyridine complexes of 
copper, nickel and cobalt have been r e p o r t e d X - r a y  studies by 
Porai-Koshits ^ ^ a n d  co-workers have shown that the complexes have a 
polymeric octahedral structure. The experimental results are given in 
Table 5.3 and plots of l/x^ and in Fig* 5.3(a-e). The results for 
Cr(2-mepy)2(CNS)2 are fairly well produced by eqn. (1.4) using values of 
J = 7.3 cm 1 and g = 2.08 (Fig. 5.4).
The bis-phenanthroline and bis-bipyridyl complexes are low-spin with
room temperature magnetic moments of 3.07 and 2.91 respectively. The
analogous iron (I I) complexes Fe (phen) 2(NCS) 2 and Fe (bipy) 2 (NCS) 2, first
(12.2)
prepared by Baker and Bobonich and ascribed a dimeric structure, were
later found^'^^to be monomeric. The compounds exhibit spin-state
equilibria T^ (t4 e2) =  ^ A 1 (t6 ). Although such an equilibrium is
 ^  ^g g A g
theoretically possible for the chromium(II) d1* system, E^ (t3 e1) =
§ §
3T (t1* ) it has not been observed. For the chromium(II)-phenanthroline
(125)and bipyridyl systems, it has been inferred 'from stability constant 
measurements that the change in spin state occurs on the addition of the 
second molecule of the amine to the chromous ion. Various mono-, bis-, 
and tris-phenanthroline and bipyridyl complexes with chromium(II) halides 
have been r e p o r t e d T h e  mono-complexes are antiferromagnetic, with 
bridging halide groups while the bis- and tris-complexes are low-spin.
2 + 3For low-spin Cr , in which the T term lies lowest, the magnetic
(49)moment has been shownv J (eqn. (1.2)) to be about 3.60 BM at room 
temperature. The rather high moment is due to orbital contribution arising
TABLE 5.3
Magnetic Susceptibility Data:
Amine complexes of chromium(II) thiocyanate
Compound T(K) XA x 10G 1/XA x 10'2 Ue(BM)
Cr (py) 2 (CNS) 2-H2CI 295.0 8193 1.221 . 4.40
262.5 8778 1.139 4.29
230.0 9808 1.020 4.25
198.5 10840 0.9228 4.15
166.5 11830 0.8456 3.97
135.5 13220 0.7566 3.75
103.5 14760 0.6774 3.50
e = 107° 89.5 15400 0.6493 3.32
Total Diamagnetic Correction: -173 x 10 6 e.g.s. units per imole
Cr(2-mepy)2(CNS)2 295.0 8320 1.202 4.43
262.5 * 8926 1.120 4.33
230.0 9932 1.007 4.27
198.5 10820 0.9246 4.14
166.5 11860 0.8429 3.98
135.5 12910 0.7745 3.74
103.5 13740 0.7277 3.38
0 = 110° 89.5 13750 0.7271 3.14
Total Diamagnetic Correction: -190 x 10 6 c.g.s . units per mole
Cr(3-mepy)2(CNS)2 293.0 8233 1.216 4.39
262.5 8909 1.123 4.33
230.0 9825 1.018 4.25
198.5 10970 0.9120 4.17
166.5 12430 0.8043 4.07
135.5 14040 0.7121 3.90
103.5 16290 0.6139 3.67
CD II oo
O 89.5 17000 0.5883 3.49
Total Diamagnetic Correction: -190 x 10~6 c.g.s . units per mole
TABLE 5.3 (Cont)
Compound T(K) XA x 106 1/XA x 10"2 ye(BM)
Cr(4-mepy)2(CNS)2 291.5 7754 1.290 4.25
262.5 8374 1.194 4.19
230.0 9231 1.083 4.12
198.5 10140 0.9864 4.01
166.5 11170 0.8954 3.86
135.5 12460 0.8028 3.67
103.5 13540 0.7387 3.35
6 =120° 89.5 14000 0.7142 3.17
Total Diamagnetic Correction: 190 x 10 6 c.g.s. units per mole
Cr(tu)2(CNS)2 290.5 8818 1.134 4.53
262.5 9708 1.030 4.53
230.0 109.50 0.9129 4.49
198.5 12610 0.7933 4.47
166.5 14390 0.6951 4.38
135.5 16850 0.5935 4.27
103.5 20610 0.4835 4.13
6 = 36° 89.5 22880 0.4372 4.05
Total Diamagnetic Correction: -146 x 10 6 c.g.s. units per mole
Cr(phen)2(NCS)2-H20 295.0 3998 2.501 3.07
262.5 4517 2.214 3.08
230.0 5069 1.973 3.05
198.5 5942 1.683 3.07
166.5 7113 1.406 3.08
135.5 8757 1.142 3.08
103.5 11240 0.8894 3.05
89.5 13090 0.7641 3.06
Total Diamagnetic Correction: -331 x 10 6 c.g.s . units per mole
TABLE 5.3 (Cont)
Compound T(K) XA 3C 106 1/XA x 10"2 ye(BM)
Cr(bipy)2(NCS)2 295.0 3582 2.792 2.91
262.5 3999 2.501 2.90
230.0 4582 2.182 2.90
198.5 5312 1.882 2.90
166.5 6304 1.586 2.90
135.5 ' 7678 1.302 2.89
103.5 9943 1.006 2.87
89.5 11370 0.8797 2.85
Total Diamagnetic Correction: -272 x 10 6 e.g.s. units per mole
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TABLE 5.4
Summary of Magnetic Data:
Amine complexes of chromium(II) thiocyanate
Compound ye
RT
(BM)
LNT 6
Diamagnetic 
correction 
x 106
Inter­
action
Cr(py)2(CNS)2-H20 4.40 3.32 107 -173 Anti ferro­
magnetic
Cr (2-mepy)2(CNS)2 4.43 3.14 110 -190 11
Cr(3-mepy)2(CNS)2 4.39 3.49 84 -190 it
Cr(4-mepy)2(CNS)2 4.25 3.17 120 -190 it
Or(tu)2(CNS)2 4.53 4.05 36 -146 11
Cr(phen)2(NCS)2 *H20 3.07 3.06 0 -331 Low-spin
Cr(bipy)2 (NCS)2 2.91 2.85 0 -272 11
from the T ground term. Observed magnetic moments are however usually 
much lower than 3.60 BM but definitely higher than the spin-only value of 
2.83 BM.
Magnetic data for the phenanthroline and bipyridyl complexes are 
included in Table 5.2. The variations of magnetic moment and reciprocal 
susceptibility with temperature for each compound are displayed in Fig. 5.5 
A summary of the magnetic results for all the amine complexes is given in 
Table 5.4.
(iii) Vanadium(II) thiocyanate complexes
4 2 +The F ground term of the V ion is split in an octahedral field
_ 4
so that a A term lies lowest. Thus no first-order orbital
2g
contribution is expected but as mentioned in Chapter 1, the effective 
magnetic moment(3.87)BM is lowered somewhat due to the 'mixing-in' of a 
higher ^T term. Using eqn.(1.1) and values of a = 4 (for T term),
X -  +57 cm 1 and A = 15,000 cm *as observed in the reflectance spectra of 
some of the compounds, the effective magnetic moment is 3.81 BM. A slight 
increase in this value due to temperature independent paramagnetism is 
small enough to be neglected.
Most of the compounds have magnetic moments which are only slightly 
lower than the spin-only value and do not vary significantly with 
temperature. A few of the complexes have small values of the Curie-Weiss 
constant 6. Although in the presence of a potential bridging group some 
slight antiferromagnetic interaction cannot be ruled out, the small values 
could well be due to experimental errors.
The compounds (Bu4N) i^ V^ NCS) 6] and (hexH) 4 [V(NCS) 6 ] have unusually 
high magnetic moments although they obeyed the Curie law. Because very 
large diamagnetic corrections were used in calculating y. f°r these
TABLE 5.5
Magnetic Susceptibility Data: Vanadium(II) Complexes
Compound TOO XA x 106 1/XA x 10"2 ye(BM)
(Me»N)^[VCNCS)6]*H20 295.0 6319 1.583 3.86
262.5 7301 1.416 3.85
230.0 7858 1.273 3.80
198.5 9104 1.098 3.80
166.5 10750 0.9302 3.78
135.5 13030 0.7675 3.76
6 = 6° 89.5 19550 0.5115 3.74
Total Diamagnetic Corrections: -458 x 10"6 e.g.s. units per mole
(Et.,N) „ [V(NCS) 2] 295.0 6246 1.601 3.84
262.5 6868 1.456 3.80
230.0 7890 1.267 3.81
198.5 9136 1.096 3.81
166.5 10940 0.9141 3.82
135.5 13630 0.7337 3.84
103.5 18040 0.5543 3.86
89.5 20710 0.4828 3.85
Total Diamagnetic Correction: -■648 x 10 6 c.g.s . units per mole
(Bu„N)„[V(NCS)6]-H20 295.0 7701 1.299 4.26
262.5 8556 1.169 4.24
230.0 9923 1.008 4.27
198.5 11540 0.8665 4.28
166.5 13670 0.7315 4.27
135.5 16930 0.5906 4.28
103.5 22120 0.4522 4.28
89.5 25580 0.3909 4.28
Total Diamagnetic Correction: -1014 x 10 6 e.g.s. units per mole
TABLE 5.5 [Cont)
Compound T(K) XA x 106 1/XA x 10'2 ye(BM)
(hexH) „ [V(NCS) 6] -HaO 295.0 7659 1.306 4.25
262.5 8558 1.168 4.24
230.0 9834 1.017 4.25
198.5 11080 0.9024 4.19
166.5 13380 0.7474 4.22
135.5 16350 0.6115 4.21
103.5 21270 0.4702 4.20
89.5 24540 0.4075 4.19
Total Diamagnetic Correction: -■664 x 10 6 e.g..s. units per mole
(pyH) it [v (NCS) 6] 293.0 6035 1.657 3.76
262.5 6711 1.490 3.75
230.0 7697 1.299 3.76
198.5 9012 1.110 3.78
166.5 10760 0.99293 3.79
135.5 13330 0.7503 3.80
103.5 17350 0.5764 3.79
89.5 19950 0.5012 3.78
Total Diamagnetic Correction: -■363 x 10 6 e.g.s. units per mole
V (py) (NCS) 2 293.5 6242 1.6021 3.83
262.5 6962 1.4364 3.82
230.0 8015 1.2486 3.86
198.5 9350 1.0706 3.85
166.5 11170 0.8951 3.86
135.5 13750 0.7274 3.86
103.5 17940 0.5575 3.85
89.5 20790 0.4811 3.86
Total Diamagnetic Correction: -258 x 10 6 e.g.s. units per mole
TABLE 5.5 (Cont)
Compound T(K) XA x 106 l/xA x 10“2 ye(BM)
V(3-mepy)4(NCS)2 293.5 6201 1.613 3.82
262.5 6932 1.443 3.82
230.0 7898 1.266 3.81
198.5 9043 1.106 3.79
166.5 10840 0.9227 3.80
135.5 13280 0.7529 3.79
103.5 17300 0.5780 3.79
89.5 19910 0.5023 3.78
Total Diamagnetic Correction: -318 x 10 6 c.g.s. units per mole
V(4-mepy),(NCS)2 295.0 5791 1.727 3.70
262.5 6522 1.533 3.70
230.0 7337 1.363 3.67
198.5 8445 1.184 3.66
166.5 10160 0.9846 3.68
135.5 12390 0.8070 3.66
103.5 16300 0.6137 3.67
89.5 18800 0.5319 3.67
Total Diamagnetic Correction: -■318 x 10 6 c.,g.s. units per mole
V(pyCN) „ (NCS) 2 295.0 6193 1.615 3.82
262.5 7112 1.406 3.86
230.0 7848 1.274 3.80
198.5 9181 1.089 3.82
166.5 10840 0.9228 3.80
135.5 13210 0.7573 3.78
103.5 16950 0.5900 3.75
CD II O 89.5 18970 0.5272 3.69
Total Diamagnetic Correction: -307 x 10 6 c.g.s. units per mole
TABLE 5.5 (Cont)
Compound. T(K) XA x 106 1/XA x 10"2 M e m .
V(phen)2(NCS)2 292.0 5924 1.688 3.72
262.5 6560 1.524 3.71
230.0 7466 1.339 3.71
198.5 8738 1.144 3.73
166.5 10280 0.9728 3.70
135.5 12330 0.8114 3.66
103.5 16160 0.6189 3.66
89.5 18400 0.5434 3.63
Total Diamagnetic Correction: -318 x 10 6 e.g.■s. units per mole
V (bipy) 2 '(NCS) 2 • H20 295.5 6321 1.581 3.86
262.5 7096 1.409 3.86
230.0 8018 1.247 3.84
198.5 9264 1.079 3.84
166.5 10910 0.9167 3.81
135.5 13430 0.7449 3.82
103.5 17060 0.5861 3.76
1!CD 89.5 19600 0.5103 3.75
Total Diamagnetic Correction: -285 x 10 6 e.g.s. units per mole
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compounds, it was thought at first that these could be the cause of the 
discrepancy. However, magnetic susceptibility measurements on the halide 
salts of the cations showed that calculated diamagnetic corrections were 
accurate. It is possible that these complexes contained as impurities, 
very small quantities of paramagnetic complexes with lower molecular 
weights. A likely impurity is a thiocyanato-complex salt of the ammonium 
ion because the complexes were crystallised from solutions containing 
ammonium ions. The compound (NHOu [V(NCS)6], present in a mole fraction 
of only 0.05, is enough to cause the observed discrepancy. Moreover, such 
a small amount cannot alter the microanalytical results significantly. 
However, repeat preparations of the compounds with several recrystallisations 
gave samples for which essentially the same microanalytical and magnetic 
results were obtained. Thus no plausible explanation can be given for 
the unusual results at the moment.
The magnetic data for all the thiocyanato-complexes of vanadium (I I) 
are summarised in Table 5.6.
TABLE 5.6
Summary of Magnetic Data:
Vanadium(II) thiocyanate complexes
Compound
ye (BM)
RT LNT 0'
Diamagnetic 
correction 
x 106
(Me4N) h [V(NCS) 6] 3.86 3.74 6 -458
(Eti*N) [V (NCS) 6] 3.84 3.85 0 -648
(Bu4N)l,[V(NCS)6] 4.26 4.28 0 -1014
(hexH) 4 [V(NCS) 6] 4.25 4.19 0
*
-664
(pyH)4[V(NCS)6] 3.76 3.78 0 -363
v(py)^(NCS)2 3.83 3.86 0 -258
V(3-mepy)4(NCS)2 3.82 3.78 0 -318
V(4-mepy)4(NCS)2 3.70 3.67 0 -318
V (pyCN) i* (NCS) 2 3.82 3.69 7 -307
V(phen)2(NCS)2 3.72 3.63 0 -318
V(bipy) 2 (NCS) 2 *H20 3.86 3.75 7 -285
Experimentally determined corrections for (Bu4N) 4 [v (NCS) 6] and 
(hexH)^[V(NCS) 6] were -1010 and -649 x 10"6 e.g.s. units per 
mole respectively.
CHAPTER 6
SPECTROSCOPIC STUDIES ON 
CHROMIUM(I I )  AND V A N A D IU M ( I I )  THIOCYANATES
I. Infrared Spectroscopy (4000-200 cm *)
The anibidentate nature of the thiocyanate ion and the factors which 
determine its bonding mode have already been mentioned in Chapter 1. The 
ion is believed^^to exist as the comonic<xl forms
N = C - S” ~N = C = S and 2'N -  C = S*
I II III
/’-I ry /• -v
which have different bonding tendencies . Structure I, with a 
concentration of charge on the sulphur atom tends to be S-bonded. This 
results in an overall increase in C-N bond order and stretching 
frequency, and a decrease in C-S bond strength and frequency compared 
to the ’free’ thiocyanate ion. Structures II and III however tend to be 
N-bonded since the electron density is greater on the nitrogen atom. In 
this case a decrease in C-N bond order and an increase in C-S are 
expected.
The changes in bond strength on coordination are reflected in the
infrared spectra of the thiocyanate ion, and this has been a subject of
(44 127)
extensive study and various reviews 5 . The thiocyanate group has
three normal modes of vibration approximating to: C-N stretch v(CN);
NCS deformation <5(NCS) and C-S stretch v(CS). The first overtone of the 
deformation vibration 26(NCS) is also sometimes observed. These 
frequencies are all shifted somewhat in relation to the ’free’ thio­
cyanate ion on coordination. Kharitonov and co-workers^^ have carried 
out theoretical studies attempting to correlate these band shifts with 
such parameters as the force constants of the metal-sulphur and metal-
nitrogen bonds, the mass of the metal ion and electron re-distribution
(44)from coordination. Their findings are summarised by Bailey et alv J , 
and although only approximate, they agree fairly well with observed 
ranges as shown in Table 6.1.
TABLE 6.1
Thiocyanate Infrared Bands and Bonding Modes
v (C-N) v(C-S)^ 6(NCS)^
_(b)
CNS 2050 s 748 w 486, 471 w
M-NCS 2120-2050 vs,b 860-780 w 490-450 m-w
M-SCN 2160-2088 s 720-690 w 440-400 m - w ^
M-NCS-M 2170-2075 s ™ 845-702 w ~475 m-w
(a) An overtone 2 x 6(NCS) is often obscured by ligand bands, as 
is v(C-S).
(b) Bands in KSCN
(c) Usually several bands are observed as opposed to a single 
band for M-NCS.
(d) Molecular symmetry requires a doublet but quite often only 
a single band is observed.
The following symbols have the same meanings in the tables of infra­
red and diffuse reflectance bands, Tables 6.1 - 6.9.
vs - very strong s - strong m - medium
w - weak vw - very weak sh - shoulder
sp - sharp br - broad v br - very broad
The band due to the C-N stretch is usually a very strong one found 
in the region 2050-2170 cm’"1. Its position has been used by Mitchell 
and Williams^-^  and others^O-132) £or determining the bonding mode. 
The following order in the C-N stretching frequency has been found to 
hold generally:
CNS" < M-NCS < M-SCN < M-SCN-M'
The frequency v(CN) for N-bonded thiocyanate is found to be higher than
for ’free’ thiocyanate, contradicting the suggestion of Fronaeus and 
(126)
Larsson mentioned earlier. A more elaborate study by Kharitonov and 
co-workers^^ has shown that the order given above is correct.
Bridging thiocyanate (M-SCN-M1) usually exhibits a band above 
2100 cm this is by no means always the case. Clark and
Williams and Mitchell and Williams^^ have mentioned several 
examples of bridged thiocyanate complexes in which v(CN) is about 
2090 cm"1. The polymeric octahedral complex Cu(py) 2 (NCS) 2 for example, 
the structure of which has been established by X-ray crystallographic 
studies^"^, has a band at 2085 cm 1 .
The use of the v(CN) band as a criterion for bond type is made
difficult by the fact that the various frequencies overlap. Whereas the
order may hold for a given metal forming differently bonded thiocyanate
compounds, this is not so for thiocyanate compounds of all metals. Even
with the same metal, different environments as caused by different
ligands or counterions for example, may cause overlapping of v(CN) for
the different bond types. More recently, the integrated intensity of
(133 134)the v(CN) band has been used for determining bond type 9 . Under
the same experimental conditions the intensity is found to be in the 
order M-NCS > CNS" > M-SCN.
The position of the v(CS) band is another diagnostic feature for 
bond type ^ ^ 3  The band is in the region 780-860 cm”1 for N-bonded, and 
at 690-720 cm”1 for S-bonded thiocyanate, but has the drawback of being 
rather weak, and is thus quite often obscured by bands due to organic 
ligands or counterions ^ 6)if -^sg are present. The positions of the 
bands are, however, fairly well separated, unlike the C-N stretching 
frequency.
The frequency of the bending vibration 6 (NCS) now appears to be the
(135-137')most reliable criterion of bondingv J . N-bonded thiocyanate
gives rise to a single shaip band at 450-490 cm 1 while S-bonded thio­
cyanate gives several bands of lower frequency 400-440 cm”1. The splitting 
in the latter case may be due to the lower symmetry removing the
degeneracy of the non-linear M-SCN group. The M-NCS group on the other
(1271351hand is very often, though not always, linearv 9 . The overtone
26 (NCS) of the bending vibration is sometimes observed, particularly in
the case of N-bonded thiocyanate in which case it can be quite sharp and
intense. However, being in the finger-print region of the spectrum it 
is usually obscured by bands due to other ligands.
The far infrared regions (<400 cm”1) have also been used for
determining bond type0 2 0 9138) jn generaq the M -N stretching frequency 
is higher than M -S , with the M-C& frequency in an analogous chloride 
complex lying just below v (M -N ) .  The polymeric octahedral complex 
Cu(py) 2 (CNS) 2 has the band due to v (C u -N ) at 319 cm 1.
The strength of the metal-thiocyanate (or isothiocyanate) and the
bonding mode in general are believed to be greatly influenced by the
(1391
nature of the metal ion. Metals which are classified as class "a"1 
or h a r d t e n d  to form M-NCS bonds, while class "b" or soft metals 
preferentially form M-SCN bonds. This is because the thiocyanate ion
has a hard (N) and a soft (S) end. A bridging thiocyanate group is very 
readily formed between a soft metal (M) and a hard one (M'), thus: 
M-SCN-M'. Evidence of this is seen in the fact that many bridged thio­
cyanate complexes of first-row transition metals contain such metals as
f 132 ^ ^381
mercury and cadmium , which are soft. The C-N stretching bands
in all such complexes are well above 2100 cm 1.
In a bridged complex of the type M-SCN-M where the same metal ion 
is bridged, one of the metal ligand bonds is weak depending on whether 
the metal is class "a" or MbM. In the bridged complex Cu(py) 2(CNS) 2* 
the metal-nitrogen bonds are 2.1 X while the metal-sulphur bonds are at 
3.0 X. In various p l a t i n u m p a l l a d i u m ^ c o m p l e x e s  the 
metal-sulphur bond lengths are about 2.3 S.
(a) Thiocyanatochromate(II) Salts of Organic Cations
The bands due to the various thiocyanate vibrations in the above 
compounds are given in Table 6.2. These bands have been assigned by 
comparison of the spectra of the complexes with those of halide salts 
of the organic cations. The C-N stretching frequencies and NCS 
deformation bands were identified in all cases. The C-S stretching 
frequencies and the overtone of the deformation band were unfortunately 
sometimes obscured by counterion bands. In such cases where assignment 
was uncertain, the bands in the region have been given in parentheses.
The bands due to the C-N stretch appeared in the region 2050-2126 cm 
They are generally very strong and very broad, so that even where the 
maxima are below 2100 cm 1 the bands extend into this region. A few of 
the bands have been split giving a very sharp component above 2100 cm 1 
and a still quite broad band below this frequency. These results would 
suggest an N-bonded thiocyanate with the possibility of bridging,
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especially in cases where there are definite bands above 2100 cm 1. 
However, as mentioned earlier, the absence of bands above 2100 cm 1 does 
not rule out bridging. It is possible that the broad bands contain 
components, one of which may be in the region expected for bridging 
thiocyanate. Magnetic data obtained for these complexes have already 
suggested bridging structures for most of them.
The C-S stretching frequencies were all found in the region 770- 
840 cm 1 which would be expected of N-bonded thiocyanate. The assignment 
of some of the bands is uncertain because counterion bands exist in the 
same region. All bands in the region have therefore been listed.
Except for the complexes (enH2) [CrCCNS)^ ] and (MeltN)2 [CrCCNS)^ ] in 
which two bands were observed, all the compounds had a single band in 
the region 470-490 cm 1 9 again characteristic of N-bonded thiocyanate.
The overtones of these frequencies were observed in a few cases but in 
general they were obscured by counterion bands.
Bands appearing in the region 320-370 cm-1 have been assigned to the 
metal-nitrogen stretching frequencies. Two bands were usually observed, 
indicating that there are two slightly differently bonded nitrogens 
present. In the cases where only one band was observed, these were 
broad and probably contained the two bands unresolved. It is thus 
apparent that two types of thiocyanate groups are present in these 
complexes, one terminal N-bonded, the other forming a Cr-NCS-Cr bridge.
The infrared spectra of (hexH) 2 [Cr(CNS) 4] and that of its ethanol 
adduct were rather different, particularly in the finger-print region, 
although the C-N stretching frequencies in both spectra were quite 
similar. Hie spectrum of the ethanol adduct was much more similar to 
that of hexHSCN. This is in agreement with the earlier suggestion that 
in (hexH)2 [Cr(CNS)i»] the hexaminium ions may be coordinated, but free in
the ethanol adduct. The various vibrations of the hexH+ ion would be 
altered to a greater extent on coordination than if it were present as 
a ’free’ counterion.
The spectra of the other pairs of compounds: (Eti*N)2[Cr(CNS)^ ] 
and (EtitN) 2 [Cr(CNS) 4] *EtOH; (Pr^N)2[Cr(CNS)J* and (Pn,N) 2 [Cr(CNS) „] -EtOH; 
(Bu^N)2[Cr(CNS)t*] (Brown) and (Bu^N)2[Cr(CNS)„] (Blue)*, were fairly 
similar except for small shifts in frequencies, and resolution of the 
C-N stretching frequency of the third and the last complexes. The 
presence of the ethanol in certain complexes does not seem to affect the 
thiocyanate vibrations but has a marked effect on the magnetic behaviour. 
The change in magnetic behaviour in the pairs of complexes has been 
mentioned in Chapter 5, and the antiferromagnetic complexes are asterisked. 
It should be noted that in the (Bu4N)+ complexes the same difference was 
observed although no ethanol adduct was formed. The dark purple complex 
(Pri*N) 2 [Cr(CNS) *EtOH loses the ethanol fairly easily on heating under 
vacuum at about 40°C, changing to the blue (Pr^ N) 2 [Cr(CNS) 1*]. The other 
ethanol adducts also lose their ethanol although less easily and the 
final products still contained traces of ethanol. It thus appears that 
the ethanol is only weakly held in the complexes and that the strength of 
the linkages is in the order: hexH+ - Et^N* > Pr4N+ »  ButtN+ in which the 
alcohol is not retained on drying.
(b) Chromium(II) Amine Thiocyanates
The infrared spectra of the pyridine and substituted pyridine 
complexes of chromium (I I) thiocyanates (Table 6.3) are in general very 
similar to those reported for corresponding nickel and copper 
complexes. Slightly lower frequencies were observed for the rather 
broad v(CN) bands. The pyridine and 2-methylpyridine complexes exhibit 
shoulders on the higher frequency side of their C-N stretch bands, and
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these may be insufficiently resolved bands due to bridging thiocyanates. 
The main broad band is characteristic of N-bonded thiocyanate. The NCS 
deformation and C-S stretching bands are in regions that also suggest an 
isothiocyanate. Like the thiocyanatochromate(II) salts, the M-NCS bands 
are in the region 340-390 cm \ The bands at 280-300 cm"1 have been 
assigned to vibrations of the metal-pyridine nitrogen vibrations.
The thiourea complex Cr(tu) 2(CNS) 2 has a band at 264 an"1 which has 
been assigned to the metal-thiourea bond vibration. The thiourea is 
probably bonded through the sulphur atom since this band is at a fairly 
low frequency compared to those in the pyridine complexes, 280-300 cm 1 . 
The NH2 deformation and rocking vibrations, giving bands at 1620 and 
1085 cm 1 respectively, are not changed significantly on complex 
formation. This is further evidence for an S-bonded thiourea. Similar
(144)
cobalt(II) and nickel(II) complexes have been reported to have a 
thiocyanate bridged polymeric structure with S-bonded thiourea molecules.
The complexes Cr(phen)2(NCS)2*H20 and Cr(bipy) 2 (NCS) 2 have two bands 
each in the C-N stretching region. The two bands, at 2078 and 2062 for 
the phenanthroline complex and at 2082 and 2070 cm 1 for the bipyridyl 
complex are of almost equal intensity. The bands very closely resemble 
those observed in Fe (phen) 2 (NCS) 2 and Fe(bipy)2(NCS)2 which have been
(122
found to have an octahedral structure with c i s -  N-bonded thiocyanatesv 9
(123,145)
, Bands due to the NCS deformation and C-S stretch are again at 
frequencies characteristic of isothiocyanates.
(c) Isothiocyanatovanadate(II) Salts of Organic Cations
The broad bands between 2065-2090 cm 1 in the infrared spectra 
(Table 6.4) of the isothiocyanatovanadates have been assigned to N-bonded 
thiocyanates. This bonding mode is confirmed by the v (C-S), 6 (NCS) and
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v(M-N) bands. The C-S stretching bands are obscured by counterion bands 
but less ambiguous absorptions at 480-490 an 1 support the above 
assignment. Metal-thiocyanate (M-NCS) bands are between 290-365 cm 1 
and comparable to frequencies observed in the thiocyanatochromates.
(d) Vanadium (I I) Amine Thiocyanates
In the pyridine and substituted pyridine complexes of vanadium(II)
thiocyanates the C-N stretching bands are strong and fairly sharp and
are between 2040-2070 cm x. Sharp bands in the region 2088-2160 cm 1
(44 134')have been attributed 9 Jt o  S-bonded thiocyanate. However, the bands 
observed here are at lower frequency, and are more likely to be due to 
N-bonded thiocyanate. Further, the 6(NCS) bands are between 485-496 cm 1 
and, although less certainly identifiable, the v(C-S) bands are in the 
region 778-820 cm-1. These observations provide strong evidence of 
N-bonded thiocyanate.
The width of the v(C-N) band appears to be a useful diagnostic 
factor for the structures of the thiocyanato-complexes. The three 
general types of bands observed are illustrated in Fig. 6.1. For the 
compounds with an octahedral shell of thiocyanate ions, [V(NCS) 6] * , a 
broad band was observed as shown in Fig. 6.1(a). The tetrathiocyanato- 
chromate(II) and amine thiocyanates of chromium (I I) have bands of 
similar width although several are irregular, with shoulders on both sides.
The much narrower, sharp band in Fig. 6.1(b) was found only in the 
amine thiocyanates of vanadium(II), and this could be due to a trans 
configuration of thiocyanate ions. Similar complexes of cobalt(II) and 
nickel(II) have been shown by crystallographic s t u d i e s t o  have axial 
N-bonded thiocyanates with the four pyridine molecules coordinated 
equatorially. The sharp bands are therefore probably due to the 
relatively ’pure’ vibrations of the trans coordinated thiocyanate.
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Like the corresponding chromium (I I) conplexes, the two complexes 
V(phen) 2 (NCS) 2 and V(bipy)2(NCS) 2’H20 have split bands at 2063 cm 1 
and 2060 cm 1 respectively. The splitting is not as large as in the 
chromium(II) complexes so that the second bands appear as shoulders 
at 2070 cm 1 in V(phen) 2 (NCS) 2 and 2066 cm 1 in V(bipy) 2(NCS)2. The 
C-S stretching frequency is 810 cm 1 and the NCS deformation 489 cm 1 
in the phenanthroline complex. The corresponding frequencies in the 
bipyridyl complex are 810 cm 1 and 489 cm 1 respectively. Although
bands in the region 200-300 cm 1 have been assigned to the metal-amine
, , . n , (147) , . (148)
nitrogen bonds in complexes of various rare earths and zinc ,
Clark and Williams could not identify any such bands in the spectra
of Co(II), Fe(II) and Ni(II) complexes. No bands were observed in the
spectra of either the chromium (II) or vanadium(II) complexes prepared
in this work; the band at 270 cm"1 in Cr(phen)2(NCS)2*H20 is probably
a ligand vibration.
The general shape of the C-N stretching band in the phenanthroline 
and bipyridyl complexes is illustrated in Fig. 6.1(c). Two fairly 
sharp bands of almost equal intensity are observed, and these have been 
attributed(150)t0 a c i s  configuration of thiocyanate groups. The bands 
are split to varying extents ranging from 16 cm 1 in Cr(phen) 2 (NCS) 2 *H20 
to 6 cm 1 in V(bipy) 2 (NCS) 2*H20. A similar order of splitting was 
observed in Fe(II), Co(II), Ni(II), Cu(II) and Zn(II) c o m p l e x e s .
II. Electronic Spectroscopy
(a) Chromium(II) Complexes
As mentioned in Chapter 1(f), the high-spin d4 system is Jahn- 
Teller unstable so that even with six identical ligands, the E and T 
terms arising from the free ion term are split further as shown in
Fig. 1.1. Thus three spin-allowed transitions are expected,
5 5 5 5 5 5corresponding to B „ A , B -> B and B ->• E . However, because 
F 5 ' ig . . ig ig lg g
the separation between the B^ and ^E^ levels is usually small, the
second two bands are almost always unresolved, and a broad asymmetric
band in the visible region has been assigned to a superimposition of
5 5these. The distortion band ( B A ) appears at a lower frequency
o  ^§
than the main band.
The reflectance spectra of all the chromium(II) thiocyanate complexes 
were recorded at room temperature and liquid nitrogen temperature as 
described in Chapter 2 (b). The bands observed in the spectra of the 
tetrathiocyanatochromates are listed in Table 6.6 and the spectra are 
illustrated in Fig. 6.2(a-l). In general, only a single very broad band 
in the visible region was observed in most of the spectra. Although the 
bands are asymmetric and there are indications that there could be 
distortion bands at lower frequencies in some of the spectra, these were 
not resolved even at low temperature. An exception to this general 
pattern was the spectrum of (hexH) 2 [Cr(CNS) ij, in which two bands are 
clearly resolved. The broad band at 16,800 cm 1 is probably a super­
imposition of the **B. **A, and ^B.„ **B-0 bands. The band at lower
F xg Jg xg 2g
frequency 12,000 cm”1 is the distortion band corresponding to the
B^ „ -*■ ^A transition, 
ig ig
The results obtained here (Table 6.6 and Fig. 6.2) show some close 
similarities to those obtained for bis-, and tris-(ethylenediamine)
TABLE 6.6
Bands in the Diffuse Reflectance Spectra 
of Thiocyanatochromate(II) Complexes
Compound Colour
v(cm h
RT LNT
(C16H34N4) [Cr (CMS) I*} sky blue 16,500 m,b *
(enH2) 2 (Cr(CNS) h] greyish
violet
23,500 w+ 
17,700 m,b
*
CpyH) 2 [Cr(CNS) i,] olive
brown
22,000 w,sh^ 
17,400 m,b
*
(Me^^CNS),,] greyish blue 16,700 m,b *
(hexH) 2 [Cr (CNS) 1,] light blue 16,800 m,b 
12,000 m
*
(hexH) 2 [Cr (CNS) „J -EtOH greyish blue 17,000 m,b *
(Eti,N) 2 [Cr (CNS) i,] greyish
magenta
26,500 w,sh^ 
18,000 m,b
*
(Et„N)2[Cr(CNS)„]*EtOH bluish violet 17,000 m,b *
(Pri,N) 2 [Cr (CNS) 1,] blue
15,800 vs
24,000 sh 
15,800 vs
(Pr^ N) 2 [Cr (CNS) i,] *EtOH dark purple 19,200 vs,b *
(BUi,N) 2 [Cr (CNS) i,] reddish 18,000 m,b *
brown 15,000 sh
(Bu„N)2[CrCNS)„] deep blue 24,000 w,shf 
14,500 vs
*
*
Spectra at liquid nitrogen temperature similar to room 
temperature spectra.
Bands probably due to slight oxidation.
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complexes^ The main bands in these compounds were between 16,OCX) cm”1 
and 18,200 cm”1 compared with 14,500-19,200 cm 1 in the thiocyanates.
The similarities are closer with the bis (ethylenediamine) complexes in 
which the distortion bands are fairly close to the main bands, forming 
shoulders. It appears that the separation between the main and 
distortion bands is slightly less in the thiocyanate complexes than 
observed in Cren2I2. The most probable structure to explain such a 
result would be a tetragonal arrangement of four nitrogen atoms and two 
sulphur atoms, since the ligand field strength of S-bonded thiocyanate is 
comparable to that of the iodide ion.
It was suggested on the basis of magnetic results that in the complex 
(hexH) 2 pr(CNS) J the hexaminium ions were coordinated axially, with four 
equatorial thiocyanate ions. This structure is further supported by the 
electronic spectrum in which the distortion band is moved to lower 
frequency and two bands are observed at 16,000 cm 1 and 12,000 cm l. A 
similar shift has been reported in the spectra of bis (ethylenediamine) 
complexes on the coordination of a third ethylenediamine molecule.
The spectra of the pairs of (Et^ N) and (Pri*N) complexes are fairly 
similar and do not provide much clue to the differences in structure that 
cause the different magnetic properties. The band in the spectrum of 
the blue (Bu4N) complex is much more intense than that of the brown 
sample. The blue sample is antiferromagnetic and is less favoured in 
synthesis than the brown. It also shows a sharp band in the infrared 
spectrum 2126 cm”1. This suggests a lower symmetry than in the brown 
sample, probably due to greater strain in the formation of the 
thiocyanate bridge.
In the spectra of amine thiocyanate complexes (Table 6.7, Fig. 6.3), 
the main band is at -18,000 cm”1. It is broad and asymmetric in the
TABLE 6.7
Bands in the Diffuse Reflectance Spectra of Amine 
Thiocyanate Complexes of Chromium(II)
Compound Colour
v (cm b
RT LNT
Cr(py)2(CNS)2'H20 greyish 18,000 m,b *
yellow 14,800 w
Cr(2-mepy)2(CNS)2 greyish 18,200 m,b 18,500 m,b
violet 15,500 sh
Cr(3-mepy)2(CNS)2 pale violet 18,200 m,b 18,600 m,b
Cr(4-mepy)2(CNS)2 greyish 17,500 m 18,000 m
green 14,700 sh 14,700 m,sp
13,000 sh 13,000 sh
Cr(tu)2(CNS)2 green 19,400 s 19,800 s
10,800 sh 10,500 m
6,400 w 6,400 w
Cr(phen)2(CNS)2 *H20 brown 24,000 s *
19,000 s
11,500 vs
8,300 vs
Cr(bipy)2(CNS)2 dark violet 19,600 s *
16,400 s
13,400 s
8,400 vs
*
Spectra at liquid nitrogen temperature similar to room 
temperature spectra.
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spectrum of the 3-methylpyridine complex but resolved into two or more
bands in the other complexes. The sharp bands at 14,800 cm 1 and
14,700 cm 1 in the spectra of the pyridine and 4-methylpyridine complexes
5 5 5respectively could be the resolved absorptions from B B and E
S  ^o  o
transitions, but this is uncertain because the separation of about 
3000 cm 1 is larger than expected and the appearance of the band is like 
that of a spin-forbidden transition. There is a band at lower frequency,
13,000 cm 1, which is the distortion band in the spectrum of 
Cr(4-mepy)2(CNS)2. Although this band is not resolved in the other spectra, 
there is some indication of it in the spectrum of Cr(py)2(CNS)2*H20. A 
distortion band is resolved in the low temperature spectrum of 
Cr(2-mepy)2(CNS)2 at 15,000 cm 1 .
The main and distortion bands in the spectrum of Cr(tu)2(CNS)2 have 
been resolved and are at 19,400 and 10,800 cm 1 respectively. The weak 
band at 6400 cm 1 is probably an overtone of ligand vibrations.
The spectra of the phen and bipy complexes are rather more
(12 152 153')complicated and are similar to those reported 9 9 'for other phen
and bipy complexes. The bands at frequencies 17,000 cm 1 upwards have 
been assigned^^to charge transfer which would be expected to be very 
prominent in the complexes of phen and bipy which are good tt acceptors.
The high intensity of the bands below 17,000 cm 1 is probably due to the 
low symmetry of the complexes which have a cis-configuration of phen and 
bipy molecules.
(b) Vanadium(II) Complexes
4 2+
The F free ion term of the V ion is split in a cubic field as
shown in Fig. 1.2. The three transitions already mentioned are quite
often observed in octahedral vanadium(II) complexes with six identical
TABLE 6.8
Bands in the Diffuse Reflectance Spectra of 
Thiocyanatovanadate(II) Complexes
Compound Colour
v(cm b
Assign­
RT LNT
ment
(Ms^N)„[V(NCS)6] *h 2o green 25,000 m 24,500 m
22,000 sh 22,000 m v2
15,500 m 15,750 m v*
(Eti,N)i, [V(NCS) 6] -H20 green 24,500 m 24,250 m
21,750 sh 21,750 sh v2
15,000 15,750 m Vi
(Bu„N) „ [V(NCS) 6] *H20 yellowish
brown
25,500 s 
21,000 s
25.000 m
21.000 m v2
13,500 s 13,750 s Vi
(hexH) „ [V(NCS) 6] -H20 greyish 23,500 s,b 23,000 m,b v2
green 15,000 s 15,250 m Vi
(pyH) it [V(NCS) 6] black 15.000 sh
10.000 w
15.000
15.000 w
Vi
(a) Very broad absorption with maximum starting at 15,000 cm 1 
(Fig. 6.4(e).
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Fig. 6.4 (Conti
(e) (pyH)„[V(NCS)6]
1.0
30 25 20 15 10 5
1A-3 - 1 v x 10 cm
ligands. No Jahn-Teller distortion is expected but in cases where 
non-identical ligands are co-ordinated, the tetragonal field gives rise 
to further splitting as illustrated in Fig. 1.2.
The thiocyanatovanadate complexes have an octahedral shell of six 
thiocyanate ions. The bands at about 15,000 cm 1 have been assigned to 
the transition ^T (vj), those at -22,000 cm”1 to ^T
2g 2g ’ 2g lg
4 4(V2)» The third band, A -> T (P) would be expected at about
2g lg
30,000 cm 1 but is obscured in the spectra recorded here. The bands at
25,000 cm 1 are probably associated with the thiocyanate ion since these 
bands are not present in the spectra of [V(H20)6]2+ and [V(en)3]2+ 
complexes. A similar band was not observed in the spectrum of 
(hexH) 4 [V(NCS) 6] *H20 but it could be incorporated in the broad band at 
23,500 cm 1 assigned to v2. Apart from a shoulder at about 15,000 cm 1 
the spectrum of (pyH) 4 [V(NCS) 6] is completely obscured by charge transfer 
absorptions.
The spectra of the amine thiocyanate complexes generally show single 
very broad and intense bands in which very little structure could be 
discerned. The spectral results are shown in Table 6.9 and Fig. 6.5. 
Charge transfer absorptions are expected to be dominant in complexes 
where ligands which contain empty Tr-orbitals are bonded to an oxidizable 
metal0-^) The pyridine halide complexes are dominated by such 
absorptions , and the corresponding thiocyanates were observed here to 
have even more extensive charge transfer spectra. The high intensity of 
the bands is further proof of their charge transfer nature.
TABLE 6.9
Bands in the Diffuse Reflectance Spectra of Amine 
Thiocyanate Complex of Vanadium(II)
Compound Colour
v (cm b
RT LNT
V(py)k (NCS)2 dark brown 20.500
15.500
s,vb
sh
20,000 s,vb 
15,500 sh
V (3-mepy)4(NCS)2 dark brown 21,000 s,vb^ " *
V (4-mepy) ^ (NCS) 2 dark brown 20,000 s,vb 
16,500 sh 
9,000 vw
19,500 s,vb 
9,500 vw
V(pyCN)4(NCS)2 dark blue 23,000 vs,vb^ *
V (phen) 4 (NCS) 2 dark blue 26,500
13,000
s,b
vs,b
*
V(bipy) 4 (NCS) 2 dark green 21.500
13.500
vs,b
vs,b
20,000 vs,b 
13,500 vs,b
No structure discemable in intense absorption rising to a 
maximum at the frequencies shown.
*
Spectra similar to room temperature spectra.
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CHAPTER 7
X-RAY POWDER PHOTOGRAPHY AND CONCLUSIONS
I. X-Ray Powder Photography
Further support for some of the structures proposed in the preceding 
chapters has been obtained from the X-ray powder photographs of the 
complexes. The photographs were obtained as described in Chapter 2 (j).
The powder patterns indicate rather complex structures,and analysis in 
terms of simple unit cells was not possible. Instead, the powder patterns 
have been coirpared to those of air-stable complexes of known structure. 
This was done by visual comparison and from the d-spacings and intensities 
of the lines. Representative compounds of each group of complexes have 
been studied.
(a) (EtitN) 2 [Cr(CNS) i»]
The complex (Et^ N) 2 [Cu(CNS) 4] has been studied by Forster and 
Goodgame^^] and found to have a tetragonal structure. In comparison to 
a similar nickel complex (Me^ N) 2 [Ni(CNS) 4] the copper complex was found 
to have a rather weak Cu-S bond and giving a v(CN) band at 2062 cm 1 
which in the nickel complex was at 2114 cm 1. It therefore appears that 
there is considerable variation in the strength of the thiocyanate bridge 
from one metal ion to another. The strength of the bridge also depends 
on the nature of the counterion. With large counterions, copper(II) does 
not form bridged complexes; tetrahedral complexes are formed instead.
The compound (Et4N) 2 [Cu(CNS) J  was prepared by the method described 
by Forster and Goodgame^^, and its X-ray powder photograph obtained.
The intensi'ties of the powder lines are compared in
Table 7.1.with those of (Eti*N)2 [Cr(CNS)4] . The results show that the 
compounds are similar but not isomorphous. It is possible that although 
the two compounds have the same general structure, there is considerable 
difference in the bond lengths, hence the slight differences in the 
powder patterns.
TABLE 7.1
(Et„N)2[Cr(CNS) (Et4N) 2[Cu(CNS)„1
CD
‘W T 9H a ‘W T
(degree) $).
1
(degree) A
1
4.70 9.41 S
4.98 8.89 w
5.40 8.19 s 5.41 8.17 s
6.22 7.11 vw 6.18 7.16 vw
6.93 6.39 m
7.60 5.82 m
9.27 4.78 vs 9.14 4.85 vs
9.97 4.45 w 9.89 4.49 vs
10.99 4.04 vs 10.78 4.12 s
11.23 3.96 w
11.64 3.82 m 11.69 3.81 w
12.08 3.69 w .
13.14 3.39 s
13.78 3.29 m 13.58 • 3.28 s
14.12 3.16 w 13.95 3.19 s
14.71 3.04 m . 14.56 3.06 w
15.30 2.92 s 15.08 2.96 w
15.93 2.81 w 16.16 2.77 w
16.46 2.72 m 16.64 2.69 w
17.63 2.54 vw 17.66 2.54 w
18.62 2.41 w 18.30 2.45 w
19.30 2.33 w 18.99 2.36 w
(b) Cr(py)2(CNS)2-H20 and Cr(3-mepy)2(CNS)2
Detailed X-ray crystallographic studies of the complexes Cu(py)2(CNS)2
(1211
and Co(py)2(CNS)2 have been reported . They have a polymeric tetra­
gonal structure in which Cu-N ~ 2.10 X, Cu-Npy * 2.12 X and Cu-S ~ 3.00 X; 
Co-N = 2.10 X, Co-Npy = 2.12 X and Co-S = 2.60 X. Again there is 
considerable difference in the M-S distances, that of copper being much 
longer. The angle M-NCS is approximately 160° and M-SCN is about 140°.
The copper (I I) complex Cu(py) 2(CNS) 2 was prepared by the method 
described by Vogel^^, and Cu(3-mepy)2(CNS)2 by the same procedure. The 
powder patterns due to these complexes have been compared with those of the 
corresponding chromium(II) compounds. The results are given in Tables 7.2 
and 7.3, and show the chromium(II) complexes to be very similar, although 
again not isomorphous with the copper compounds.
(c) (Et,N)»[V(NCS)6l
Forster and Goodgame ^have studied the nickel (II) complex 
(Eti*N) 4 [Ni(NCS) 6] and shown it to have an octahedral structure with 
N-bonded thiocyanate groups. A detailed report giving4'bond lengths and 
angles is not available. The X-ray data Table 7.4 show that the complex 
is isomorphous with (Et4N) h |V(NCS) G] . The powder photographs of the two 
conpounds are as reproduced in the Plate (c) and (d).
(d) V (py) h (NCS) 2
The structure of Ni (py) 4 (NCS) 2 has been determined by X-ray 
crystallography by Porai-Koshits and Antsyshkina^^^i The Ni-N distances 
are 2.12 A, Ni-Npy = 2.03 and the Ni-NCS angle about 165°. The powder 
photographs (Table 7.5) show that the nickel and vanadium complexes are 
similar.
TABLE 7.2
Cr(py)2(CNS)2 Cu(py)2(CNS)2
9h U
(degree)
dh U I 0hk&
(degree)
h^kJi
cXr
I
6.25 7.07 vs 6.25 7.07 vs
8.51 5.21 vs 8.46 5.24 s
8.81 5.03 vs 8.90 4.98 s
10.54 4.22 vs 10.55 4.21 s
10.91 4.07 vs 11.05 4.02 vs
11.61 3.83: vs
11.98 3.72 m
12.31 3.62 vs 12.41 3.59 s
13.19 3.38 w 13.15 3.39 w
13.80 3.23 w
14.68 3.04 m 14.53 3.07 m
15.64 2.86 s 15.26 2.93 s
16.15 2.77 vw 15.75 2.84 vw
16.85 2.66 s 16.47 2.72 s
17.09 2.62 w
18.03 2.49 w
18.49 2.43 m 18.71 2.40 m
18.89 2.38 w 19.26 2.34 m
19.99 2.26 vw 19.78 2.28 m
2.1.06 2.15 vw 21.36 2.12 vw
24.56 1.85 m 24.43 1.86 w
24.75 1.84 w
25.10 1.82 w 25.12 1.82 w
29.90 1.55 vw 30.02 1.54 w
TABLE 7.3
Cr(3-mepy)2(CNS)2 Cu(3-mepy)2(CNS)2
9h U
(degree) $)
I
(degree)
dh U
#)
I
4.98 8.89 w 4.85 9.12 w
5.86 7.55 vs 5.75 7.69 . vw
8.11 5.46 m 8.13 5.45 s
8.64 5.13 w
9.72 4.56 m 9.63 4.61 m
10.22 4.34 m 10.20 4.35 m
10.60 4.19 m
10.85 4.10 m 11.03 4.03 s
11.50 3.87 m 11.39 3.90 w
12.01 3.70 s 12.06 3.69 w
12.81 3.48 m 12.81 3.48 m
13.89 3.21 s 13.88 3.21 s
14.52 3.07 m 14.38 3.10 s
15.44 2.90 15.44 2.90 m
18.09 2.48 m 18.23 2.47 s
21.81 2.07 vw 21.95 2.06 w
23.80 1.91 vw 23.46 1.94 m
24.94 1.83 vw 24.97 1.83 vw
25.35 1.80 vw 25.49 1.79 vw
TABLE 7.4
(EUN) „ [V(NCS) 6] (Et„N)„[Ni(NCS)6]
6hk{.
(degree)
dhk£
(X)
I 0hk£
(degree)
dh U
(X)
I
4.30 10.28 w 4.30 10.28 m
4.80 9.22 vs 4.80 9.22 vs
7.28 6.15 in 7.30 6.07 m
7.68 . 5.77 m 7.68 5.77 m
8.38 5.29 w
9.50 4.67 s 9.45 4.69 s
9.78 4.54 s 9.78 4.54 s
10.23 4.34 vs 10.20 4.35 vs
10.95 4.06 vs 10.95 4.06 vs
11.32 3.93 vs 11.30 3.93 vs
12.88 3.46 m 12.90 3.45 m
13.25 3.36 m 13.30 3.35 m
13.58 3.28 m 13.70 3.26 m
14.25 3.13 m 14.23 3.13 m
14.63 3.05 w 14.65 3.05 w
15.20 2.94 w 15.20 2.94 w
15.90 2.81 w 15.95 2.81 w
16.33 2.74 w 16,35 2.74 w
17.08 2.63 w 17.03 2.63 w
17.50 2.56 m 17.48 2.57 w
18.15 2.48 w 18.13 2.48 w
19.25 2.34 w 19.03 . 2.36 w
19.68 2.29 vw 20.20 2.23 w
22.28 2.03 vw 22.30 2.03 w
22.28 2.03 vw 22.30 2.03 w
22.88 1.98 vw 22.90 1.98 w
TABLE 7.5
V(py)* (NCS)2 Ni(py)* (NCS)2
6hkJt
(degree)
dida
$)
I 6hkfc
(degree) s 
Oi
>o
 
tr I
5.39 8.21 vs 5.46 8.10 vs
5.81 7.61 s 6.21 7.12 s
6.59 6.72 s
7.48 5.92 vw 7.60 5.83 w
8.20 5.40 vs 8.25 5.37 w
9.58 4.64 m 9.30 4.77 w
9.88 4.50 m
10.23 4.34 vs 10.26 4.33 vs
11.06 4.02 s 11.12 4.00 vs
11.60 3.83 s 11.69 3.80 vs
12.09 3,68 s
12.43 3.58 m 12.51 3.56 vs
12.83 2.47 w
13.19 3.38 w 13.24 3.37 w
14.51 3.08 w 14.28 3.13 w
15.13 2.96 m 14.93 2.99 w
15.76 2.84 w 15.86 2.82 111
16.18 2.77 w
16.65 2.69 w 16.74 2.68 m
17.10 2.62 w
17.83 2.52 vw 17.92 2.50 w
18.39 2.44 w
18.76 2.40 w 18.80 2.39 m
19.31 2.33 m
19.59 2.30 w 19.67 ' 2.29 m
20.70 2.18 w 20.76 - 2.18 w
21.71 2.08 in 21.77 2.08 w
22.86 1.98 vw 22.45 2.01 w
24.01 1.89 vw 24.19 1.88 w
25.45 1.79 vw 25.52 1.79 w
26.19 1.75 vw 26.41 1.73 w
(e) (Bui,N) 2 [Cr (CNS) i,]
X-ray powder photographs of the brown and blue samples of this 
complex have been obtained, Plate (a) and (b) and Table 7.6. The line 
patterns show less similarity than has been observed in similar complexes 
above. However, some of the more intense bands corresponding to 
values of about 4.0 X are quite similar, indicating some degree of 
similarity in the structures of these compounds. It is unlikely that a 
change in configuration has taken place leading to a tetrahedral 
structure for the brown sample.
TABLE 7.6
(Bu^N)2[Cr(CNS) 4] (Brown) (Bu,N) 2 [Cr (CNS) „] (Blue)
(degree)
dhk£ I 6h U
(degree)
dhk£
A
I
3.65 12.11 vs
4.13 10.72 m
4.80 9.23 vs
- 5.10 8.67 m
6.13 7.22 m
6.78 6.54 w
7.23 6.13 vs 7.28 6.09 w
8.18 5.42 w 8.28 5.36 w
8.75 5.07 w 8.83 5.02 w
9.23 4.81 vw 9.55 4.65 m
10.03 4.43 m 10.03 4.43 w
10.73 4.14 m
11.13 4.00 s 11.10 4.00 s
11,63 3.83 s 11.60 3.83 s
12,03 3.70 s 12.25 3.63 s
13.40 3.33 m 13.28 3.36 w
14.15 3.15 m 13.85 3.22 m
15.08 2.96 w 14.45 3.09 w
15.98 2.80 w 16.25 2.76 w
18.08 2.49 w 17.25 2.60 w
18.65 2.41 w
(a) (b) (c) (d)
Plate: X-ray Powder Photographs of
(a) (Bui+N) 2 [Cr(CNS) 4] (Blue) (c) (Eti^ N) i* [Ni (NCS) 6]
(b) (Bui+N) 2 [Cr(CNS) 4] (Brown) (d) (Ett+N) 4 [V(NCS) 6] *H20
II. Conclusions
The results of magnetic and spectroscopic studies indicate that 
the thiocyanatochromate complexes [Cr(CNS)4]2 have polymeric tetragonal 
structures with Cr-NCS-Cr bridges. There are two terminal N-bonded 
thiocyanate groups, with the nitrogen atoms in approximately the same 
plane as two others which are part of the bridging groups. The metal- 
sulphur bonds are perpendicular to this plane and probably much weaker 
and longer. The counterions may be located between the planes containing 
the metal ion and the four nitrogen atoms. It is then possible that 
steric requirements of the bulkier counterions, or a combination of these 
and ethanol molecules weakly bonded to them, cause an elongation of the 
inter-unit distances by further lengthening of the metal-sulphur bonds. 
The complete removal of antiferromagnetic interaction can then be 
conceived as occurring when a critical length has been exceeded. The 
proposed structure of the thiocyanatochromate (II) complexes is drawn 
in Fig. 7.1(a).
The structures of the amine thiocyanates are similar, with pyridine, 
substituted pyridine or thiourea molecules replacing thiocyanate ions in 
the terminal positions, Fig. 7.1(b). Further evidence for such a 
structure is the fact that a 2-methylpyridine complex is readily formed; 
the distance between adjacent units being large enough to accommodate the 
3-methyl groups.
The results of studies in this work suggest that the complex 
(hexH) [Cr(CNS)4] has the structure shown in Fig. 7.1(c). A more correct 
formulation of the complex would therefore be [Cr(hexH) 2 (NCS) 4] since 
the hexaminium ion enters the octahedral coordination sphere.
The structures of the vanadium(II) complexes are drawn in Fig. 7.1(d) 
and (e). The tetraisothiocyanato-vanadates have a regular octahedral
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structure while the amine thiocyanates have a tetragonal structure. In 
the latter, the four pyridine molecules are coordinated in the equatorial 
plane with the two thiocyanate ions in the axial positions. The V-NCS 
angle may not be exactly linear. As mentioned earlier, it is 165° in 
the corresponding nickel complexes.
The phen and bipy complexes of both chromium(II) and vanadium (I I) 
have the cis octahedral structure illustrated in Fig. 7.1(f).
Suggestions for Further Research
A number of unusual results have been obtained in this work that 
clearly need more detailed study. The rather strange magnetic behaviour 
of the thiocyanatochromate(II) complexes necessitates further structural 
studies, especially in the case of the (Bu^ N) complexes. Perhaps an 
X-ray crystallographic study leading to detailed structural data might 
reveal the differences in structure that are reflected in their magnetic 
behaviour. The role of the ethanol molecules in some of the complexes is 
not exactly known. Again detailed X-ray crystallographic studies might 
reveal this.
There was a general lack of information in the infrared spectra about 
any M-S bonding although this may be due to the fact that the rather weak 
bond absorbs below 200 cm”1 or is too weak to be observed . Similar 
failures to observe such bands have been reported in most cases where 
N-bonded and bridging thiocyanate complexes have been studied. It is 
possible, though, that a more detailed study of the far-infrared region 
of the spectrum could provide some information.
Further research in the chemistry of thiocyanate complexes of 
chromium(II) and vanadium(II) could yield more valuable and interesting 
results. A hexa thiocyanatochromate (I I) complex [Cr(CNS)6]4 has yet to
be isolated although the species has been formed in molten salt 
(29)
solution . Although there is a general tendency for the chromium (I I) 
amine thiocyanates to be polymeric, the fact that the hexaminium, phen 
and bipy complexes are not shows that complexes of the type CrLi* (CNS) 2 
could be obtained with the right ligands. Finally, since the change 
over from high-spin to low-spin seems to occur on the coordination of 
the second phen or bipy molecules it is perhaps possible that the 
mono- phen or -bipy thiocyanates might exhibit the cross-over situation 
if these could be obtained.
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